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SUMMARY 

A major o b j e c t i v e  of t h i s  program i s  t o  develop and v e r i f y  methods f o r  des ign  

a n a l y s i s  of t h e  most u s e f u l  j o u r n a l  bear ing  conf igu ra t ions  f o r  high-speed r o t a r y  

machinery us ing  low k inemat ic -v iscos i ty  l u b r i c a n t s  such a s  l i q u i d  meta ls .  

The preloaded t i l t i n g - p a d  bear ing  has been t e s t e d  exper imenta l ly .  Measurements 

of  s t a t i c  load c a p a c i t y  and s h a f t  response t o  dynamic loading  agree  very w e l l  

w i t h  c a l c u l a t e d  va lues  and it i s  c l e a r  t h a t ,  i n  t hese  r e s p e c t s ,  t h e  t h e o r e t i c a l  

r e s u l t s  a r e  very  adequate f o r  des ign  a n a l y s i s .  Measured torques  a r e  uniformly 

h igher  than t h e  c a l c u l a t e d  va lues .  The d i f f e r e n c e s  a r e  probably due t o  l o s s e s  

i n  the  t es t  bea r ing  seals ,  and separa te  experimental  measurement of t hese  l o s s e s  

i s  planned.  

The a n a l y s i s  f o r  s t a t i c  load p r o p e r t i e s  of t h e  f l o a t i n g - r i n g  bea r ing  has  been 

completed and some numerical  r e s u l t s  a r e  presented .  

f o r  t h i s  bear ing  is  now being performed. 

The dynamic load a n a l y s i s  

The second major o b j e c t i v e  i s  t o  prepare f o r  f u t u r e  improvement of t he  bas i c  super- 

laminar-flow l u b r i c a t i o n  theory  by performing some s t u d i e s  of t h e  fundamental pro- 

c e s s e s  of  superlaminar  flow i n  concent r ic  and e c c e n t r i c  a n n u l i .  

being prepared f o r  experimental  measurements of torque and f i l m  p res su re  between 

c lose -c l ea rance  concen t r i c  and e c c e n t r i c  c y l i n d e r s  w i t h  superlaminar  f lows .  

The experiments  should begin e a r l y  i n  February.  The d e t a i l e d  des ign  of t h e  

appa ra tus  mod i f i ca t ion  f o r  p a r t i a l - a r c  bea r ing  experiments  h a s  been completed 

and f a b r i c a t i o n  of components has  begun. 

performed t o  eva lua te  t h e  f e a s i b i l i t y  of us ing  an electrochemiluminescence 

technique  f o r  flow v i s u a l i z a t i o n  s t u d i e s  i n  very t h i n  f i l m s ,  s i m i l a r  t o  those  i n  

bea r ings .  

a r e  planned.  

The appara tus  i s  

Some pre l iminary  experiments  have been 

Conclusive r e s u l t s  have not y e t  been obtained , and f u r t h e r  s t u d i e s  
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I .  INTRODUCTION 

The o b j e c t i v e  of t h i s  program i s  t o  develop t h e  means f o r  r a t i o n a l  des ign  a n a l y s i s  

of j o u r n a l  bear ings  f o r  high-speed r o t a t i n g  machinery us ing  l u b r i c a n t s  of low 

k inemat ic  v i s c o s i t y .  Under these  circumstances,  f low i n  t h e  l u b r i c a n t  f i l m  of 

t he  bear ings  may become superlaminar .  Water and l i q u i d  meta ls  a r e  examples 

of  l u b r i c a n t s  which w i l l  exper ience  superlaminar flow w i t h  s h a f t  speeds and bear- 

i n g  c l e a r a n c e s  which a r e  c h a r a c t e r i s t i c  of c u r r e n t  p r a c t i c e  i n  high-performance 

r o t a r y  machinery. 

The program f o r  development of a v e r i f i e d  bear ing  des ign  a n a l y s i s  f o r  super- 

laminar-flow cond i t ions  can be  broken i n t o  the  fo l lowing  s t eps :  

1. Formulate a p r a c t i c a l l y  usefu l  tu rbulen t - f low l u b r i c a t i o n  theory and 

develop t h e  a n a l y s i s  f o r  numerical c a l c u l a t i o n  of s t a t i c  and dynamic 

load p r o p e r t i e s  of t h e  basic  bea r ing  elements ( s i n g l e  p a r t i a l  a r c  and f u l l  

c y l i n d e r ) .  

2 .  Experimental ly  test  the v a l i d i t y  of t h e  theory  us ing  s i n g l e  element bear- 

i ngs  f o r  a broad range of Reynolds numbers and o the r  ope ra t ing  v a r i a b l e s  

inc lud ing  both s t a t i c  and dynamic loading .  

3. Using t h e  v e r i f i e d  theory ,  develop ana lyses  of t h e  most impor tan t ,  prac- 

t i c a l ,  composi te- journal-bear ing c o n f i g u r a t i o n s  and c a l c u l a t e  t h e i r  per-  

formance f o r  a broad range of des ign  v a r i a b l e s  and ope ra t ing  cond i t ions  

inc lud ing  Reynolds number. 

4 .  Veri fy  the  s t a t i c  and dynamic c a l c u l a t e d  performance c h a r a c t e r i s t i c s  of 

the composite bear ings  by experiment.  

5 .  Throughout t h e  program c a r r y  on a con t inu ing  s tudy  of t h e  fundamental 

mechanics of superlaminar  flow i n  bear ings  w i t h  t h e  o b j e c t i v e  of i m -  

proving the  bas i c  superlaminar flow l u b r i c a t i o n  theo ry .  

The f i r s t  two s t e p s  had been success fu l ly  completed by t h e  end of t h e  f i r s t  p a r t  

of t h i s  program (Refs. 1 and 2 )  and worthwhile p rogres s  had been made i n  the  l a s t  

a r e a  (Ref.  3 ) .  During t h e  c u r r e n t  c o n t r a c t ,  the  t h i r d  and f o u r t h  s t e p s  a r e  t o  be 

completed and f u r t h e r  progress  w i l l  be made on the  l a s t .  The j o u r n a l  bea r ing  con- 

f i g u r a t i o n s  which have been chosen f o r  t h e o r e t i c a l  and exper imenta l  a n a l y s i s  a r e  

t h e  t i l t i n g - p a d  and the  f l oa t ing - r ing  bea r ings .  
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During t h e  f i r s t  q u a r t e r ,  t h e  turbulen t - f low a n a l y s i s  of t h e  t i l t i n g - p a d  j o u r n a l  

bea r ing  was completed and des ign  a n a l y s i s  c h a r t s  were prepared .  Modif ica t ions  t o  

the  dynamic- load bea r ing  appara tus  t o  accep t  t h e  t i l t i n g - p a d  bear ing  and t o  measure 

bea r ing  f r i c t i o n  w e r e  completed.  During t h i s  q u a r t e r ,  exper imenta l  t e s t i n g  of t h e  

t i l t i n g - p a d  bea r ing  i n  t h e  preloaded cond i t ion  (m = 0.5) was completed.  

s t a t i c  load a n a l y s i s  of t h e  f l o a t i n g - r i n g  bea r ing  has  been completed and some 

d e s i g n  cu rves  a re  p re sen ted .  I n  t h e  s tudy  of f low fundamentals ,  p re l imina ry  

exper iments  were performed us ing  electrochemiluminescence a s  a f low v i s u a l i z a t i o n  

technique  f o r  c lose -c l ea rance  c y l i n d e r s .  P repa ra t ions  a r e  n e a r l y  complete f o r  

exper imenta l  s t u d i e s  of f low i n  a p a r t i a l - a r c  c o n f i g u r a t i o n  and f o r  f i l m  p res su re  

measurements between c lose-c l ea rance  c y l i n d e r s .  

The 
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11. THE DYNAMIC LOAD BEARING APPARATUS 

The d e t a i l s  of t h e  c o n s t r u c t i o n  and ins t rumenta t ion  of t h i s  appara tus  were given 

i n  References 2 and 4 .  

t h e  s h a f t  and the  l o c a t i o n  and means of load a p p l i c a t i o n  a r e  i l l u s t r a t e d  schemat- 

i c a l l y  i n  F ig .  1. 

tes t  and suppor t  bear ings  i s  40 inches.  

The arrangement of t h e  t es t  and suppor t  bear ings  on 

The tes t  bea r ing  d i a m e t e r  i s  f o u r  inches  and t h e  span between 

S h a f t  displacement  is  measured a t  both ends of t h e  t es t  bea r ing  and a t  t he  suppor t  

bea r ing  by eddy-current  s enso r s .  Four of t h e  same type of probes a r e  mounted i n  

the  r e t a i n e r  r i n g  s o  t h a t  they measure t h e  proximity of t he  back su r face  of one 

of t h e  pads a t  both ends of t h e  r o l l  and p i t c h  a x i s  ( a x i a l  and c i r c u m f e r e n t i a l  

o s c i l l a t i o n  r e s p e c t i v e l y ) .  

measure r o l l  and p i t c h  motions of the pad. 

any p o s i t i o n  w i t h  r e s p e c t  t o  the u n i d i r e c t i o n a l  load but  f o r  a l l  of t h e  tests 

desc r ibed  h e r e ,  i t  was on t h e  loaded s i d e  of t h e  bea r ing  ahead of t he  un id i r ec t ion -  

a l  load l i n e .  The eddy-current  gages a r e  completely i n s e n s i t i v e  t o  whether a i r  

o r  s i l i c o n e  o i l  f i l l s  t h e  gap between probe f a c e  and r e f e r e n c e  s u r f a c e .  They 

a r e  s e n s i t i v e  t o  temperature  changes and w i l l  exper ience  ze ro  d r i f t  f o r  smal l  

changes and n o t i c e a b l e  v a r i a t i o n  i n  s e n s i t i v i t y  f o r  l a rge  changes.  To avoid 

t h i s ,  t h e  probes were loca ted  outs ide  t h e  t es t  bear ing  housing i n  an ambient 

environment o r  they were connected in  push-pul l .  During exper iments ,  f r e q u e n t  

checks f o r  d r i f t  a r e  made by s topping t h e  s h a f t  o r  ope ra t ing  w i t h  ze ro  load t o  g e t  

a r e f e r e n c e  measurement - bottom of t h e  c l ea rance  c i r c l e  and bea r ing  c e n t e r  

r e s p e c t i v e l y .  

These probes a r e  connected a s  push-pul l  p a i r s  t o  

The instrumented pad can be pu t  i n  

The s h a f t  locus  w i t h i n  t h e  t es t  bear ing i s  d i sp layed  on one osc i l l o scope  w i t h  d-c 

coup l ing  by feeding  t h e  h o r i z o n t a l  and v e r t i c a l  ou tpu t s  i n t o  the  x and y scope 

axes .  I n  a d d i t i o n ,  any p a i r  of dynamic components of s h a f t  motion o r  pad motion 

can  be  switched i n t o  t h e  i n p u t s  of a second d u a l  t r a c e  osc i l l o scope  where they 

can  be  d i sp l ayed  on t h e  x-y axes or a s  two s i g n a l s  on a common t i m e  base.  Var iab le  

e l e c t r o n i c  f i l t e r s  s e t  f o r  band pass ope ra t ion  a r e  placed ahead of t h e  i n p u t s  t o  

t h i s  o s c i l l o s c o p e  t o  e l i m i n a t e  unwanted high-frequency no i se  o r  subharmonic s i g n a l s  

caused by f r a c t i o n a l  f requency wh i r l .  



I .  

U n i d i r e c t i o n a l  load i s  measured by a s t r a i n  gage load c e l l  t o  which the  cab le  

which a p p l i e s  the  load i s  a t t ached .  Ro ta t ing  load magnitude i s  determined by 

us ing  unbalance s l u g s  of a known weight a t  a known r a d i u s .  

r o t a t i n g  load and s h a f t  displacement ,  i s  measured by mounting a magnetic pickup 

on t h e  v e r t i c a l  c e n t e r l i n e  so  t h a t  it m a r k s , w i t h  a vo l t age  pu l se ,  t he  i n s t a n t  

when t h e  unbalance s l u g  i s  v e r t i c a l l y  up. This  pu l se  i s  ampl i f ied  and i s  then  fed  

i n t o  the Z a x i s  of t he  osc i l l o scope .  Th i s  causes  the  i n t e n s i t y  of t h e  beam, or  

beams, t o  be reduced du r ing  t h e  du ra t ion  of t h e  pu l se ,  thus marking t h e  i n s t a n t  

when t h e  unbalance f o r c e  i s  d i r e c t e d  upward by a break or  i n t e r r u p t i o n  i n  t h e  

c i r c u l a r  s h a f t  locus o r b i t , o r  a s  c y c l i c  breaks a long  t h e  t r a c e s  i f  t h e  scope i s  

s e t  on t i m e  base.  The angle  between the  spo t  of t he  beam i n t e r r u p t i o n  and t h e  

p o s i t i o n  where the  s h a f t  displacement i s  v e r t i c a l l y  up ( t h e  p o s i t i v e  Y a x i s  f o r  

X-Y p r e s e n t a t i o n )  i s  t h e  phase angle .  

Phase ang le ,  between 

T e s t  bea r ing  temperature  i s  measured by a thermocouple welded onto  t h e  t r a i l i n g  

edge of one of t h e  loaded pads wi th in  0.03 inch of the  bear ing  s u r f a c e .  This  i s  

t h e  temperature  used f o r  c o n t r o l  purposes and t o  e s t a b l i s h  o i l - f i l m  v i s c o s i t y .  

F r i c t i o n a l  torque i s  measured by a Lebow s t r a in -gage  type,  r o t a r y  torque  sensor  

coupled i n t o  the d r i v e  between motor and suppor t  bea r ing  end of t h e  s h a f t .  F u l l  

s c a l e  r a t i n g  of the  sensor  i s  200 inch-pound and i t  is l i n e a r ' w i t h i n  0.1 pe rcen t .  

The p a r a s i t i c  torque l o s s e s  of t he  appara tus ,  inc luding  support  and loader  bear ings  

and windage, were determined exper imenta l ly .  An e x t e r n a l l y - p r e s s u r i z e d ,  gas- 

l u b r i c a t e d  jou rna l  bea r ing  was designed, cons t ruc t ed  and i n s t a l l e d  i n  p l ace  of t he  

t e s t  bea r ing .  The measured torques  for  a range of speeds and loads  minus t h e  

c a l c u l a t e d  torque of t h e  gas- lubr ica ted  bear ing  (us ing  P e t r o f f ' s  equat ion)  i s  

taken a s  t h e  p a r a s i t i c  to rque  c h a r a c t e r i s t i c  of t he  machine. The r e s u l t s  a r e  

given i n  F ig .  2 .  The torques  a r e  qui te  smal l  and t h e  e f f e c t s  of load a r e  n o t  uni-  

formly c o n s i s t e n t .  Therefore ,  an average c o r r e c t i o n ,  independent of load ,  i s  

made f o r  each speed. The p a r a s i t i c  torque i s  sub t r ac t ed  from t h e  t o t a l  measured 

torque du r ing  experiments to  give the  t es t  bear ing  to rque .  Fu r the r  c o r r e c t i o n s  f o r  

l u b r i c a n t  d r a g  e f f e c t s  a t  t h e  s e a l s  and f o r  t h a t  p o r t i o n  of t he  s h a f t  which i s  

i n s i d e  the  tes t  bear ing  housing but  i s  n o t  enveloped by the  bear ing  have s i n c e  

been shown t o  be necessary .  Plans for  making t h i s  c o r r e c t i o n  w i l l  be  d i scussed  

l a t e r  . 
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111. THE TILTING-PAD JOURNAL BEARING 

The t i l t i n g - p a d  j o u r n a l  bear ing  c o n s i s t s  of a s e t  of p a r t i a l - a r c  pads d i s t r i b u t e d  

around t h e  s h a f t  and i n d i v i d u a l l y  pivoted a s  shown schemat ica l ly  i n  F i g .  3 .  The 

geometr ica l  parameters  t h a t  make up the des ign  c h a r a c t e r i s t i c s  of t h e  i n d i v i d u a l  

bea r ing  a re :  

a .  Bearing diameter  (D) 

b .  Number of pads 

c .  Angular e x t e n t  of t h e  pads (f3) 

d .  S lenderness  r a t i o  (L/D) 

e .  Pad c l ea rance  r a t i o  (C /R) 
9 P 

f . Pivo t  l o c a t i o n  (2) 
B 

g .  Pad mass and i n e r t i a  

h .  Geometrical  p re load  c o e f f i c i e n t  (m) 

Parameters f ,  g and h a r e  p e c u l i a r  t o  t h e  t i l t i n g - p a d  bear ing .  Their  s i g n i f i c a n c e  

i s  expla ined  i n  some d e t a i l  i n  Reference 4 ,  and so they w i l l  be only b r i e f l y  d i s -  

cussed h e r e .  

The p i v o t  p o i n t  l o c a t i o n  i s  c r u c i a l  s i n c e  i t  governs t h e  i n c l i n a t i o n  the  pad w i l l  

assume f o r  a given s h a f t  p o s i t i o n ,  and hence the  magnitude of t he  f i l m  hydrodynamic 

p r e s s u r e s .  

Proper func t ion ing  of t he  t i l t i n g - p a d  bea r ing  under dynamic load r e q u i r e s  t h a t  t h e  

pads be a b l e  t o  t r a c k  o r  fo l low t h e  motion of the  j o u r n a l  c e n t e r .  I f  t h e  pads 

f a i l  t o  t r a c k ,  the  t i l t i n g - p a d  bear ing w i l l  behave i n  a manner s i m i l a r  t o  t h a t  of 

t h e  f i x e d  pad bear ing  and may become s u b j e c t  t o  hydrodynamic f i l m  i n s t a b i l i t y  

( f r ac t iona l - f r equency  w h i r l ) .  The a b i l i t y  of t he  pads t o  fo l low j o u r n a l  motions 

can  be analyzed i n  terms of t h e  i n e r t i a  of t he  pad and t h e  s t i f f n e s s  and damping 

of i t s  f l u i d  f i l m .  This  has  been done and the  pad i n e r t i a  ( r e f e r r e d  t o  a s  c r i t i c a l  

mass, M ) which m u s t  no t  be exceeded t o  ensure  t r a c k i n g  has  been c a l c u l a t e d  f o r  

t h e  80-degree a r c ,  four-pad bear ing  (Ref.  4 ) .  
c r i t  
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Geometr ical  p re loading  is  used t o  achieve:  

. -  
a .  High bea r ing  s t i f f n e s s ,  even w i t h  ze ro  n e t  load on t h e  s h a f t .  

b .  P o s i t i v e  f l u i d  f i l m  p res su res  a c t i n g  on a l l  pads inc lud ing  those on t h e  

s i d e  away from t h e  load d i r e c t i o n .  

Geometr ical  p re load ing  is  achieved by moving t h e  p i v o t  l o c a t i o n s  r a d i a l l y  inward 

so t h a t  t h e  c l e a r a n c e  between t h e  s h a f t ,  when cen te red  i n  t h e  bear ing ,  and each 

pad a t  i t s  p i v o t  p o i n t  i s  less than t h e  machined c l e a r a n c e  of  t h e  pads.  F i g .  4 

i l l u s t r a t e s  a t i l t i n g - p a d  bear ing  wi th  and wi thou t  p re load .  The pre load  c o e f f i -  

c i e n t  i s  de f ined  as :  

1 c l e a r a n c e  a t  p i v o t  l oca t ion  
- machined c l ea rance  

The b e a r i n g  used i n  the  experimental  s t u d i e s ,  and t h e r e f o r e ,  t h e  bea r ing  which h a s  

been analyzed t h e o r e t i c a l l y ,  has  the fo l lowing  des ign  c h a r a c t e r i s t i c s :  

Pad a r c  l eng th  (g) = 80 degrees  ( four  pads) 

P i v o t  p o s i t i o n  = .55 of t h e  angular  e x t e n t  measured from t h e  i n l e t  edge.  

Geome tr i c a  1 preload - Var i a b  l e  

S lenderness  r a t i o  (L/D) = 1.0 

Clearance  r a t i o  (C /R) = 3.0~10-~ i nch / inch  

P i v o t  type - B a l l  (.625 r a d i u s )  i n  i n t e r n a l  c y l i n d r i c a l  s u r f a c e  
( . 6 5 5  inch  r a d i u s )  

P 

The bea r ing  pads a r e  of hardened s t e e l  w i t h  about 10 m i l s  of phosporous bronze 

sp ray  c o a t i n g  on t h e  bea r ing  su r face .  

segment ends on s h o r t  threaded r o d s  which f i t  i n t o  an o u t e r  r i n g .  The b a l l  ends 

f i t  i n t o  a c y l i n d r i c a l  groove c u t  i n t o  the  back f a c e  of t h e  pad s o  t h a t  t h e  groove 

a x i s  is  p a r a l l e l  t o  t h e  s h a f t  a x i s .  Preload is  ad jus t ed  by t u r n i n g  the  ba l l -end  

r o d s  i n  o r  o u t .  The adjustment  i s  maintained by t i g h t e n i n g  set  screws a g a i n s t  

t h e  r o d s .  

The p i v o t s  a r e  ha rdened- s t ee l  s p h e r i c a l -  

A .  T h e o r e t i c a l  Analys is  of t h e  Ti l t inp-Pad Bear ing  

The t h e o r e t i c a l  a n a l y s i s  of t h e  t i l t i n g - p a d  bea r ing  inc lud ing  s t a t i c  and dynamic 

load p r o p e r t i e s  i s  desc r ibed  i n  d e t a i l  i n  Ref .  4 .  The c a l c u l a t i o n s  a r e  based on 
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t h e  t u r b u l e n t  f low l u b r i c a t i o n  theory  of Ng and Pan (Ref. 1). Calculated resu l t s  

f o r  t h e  four-pady 80-degree a r c ,  L/D = 1.0 bear ing  a r e  presented i n  dimensionless  

form f o r  va lues  of preload c o e f f i c i e n t  of 0 ,  0 .3 ,  0 .5 ,  and 0.7 and f o r  Reynolds 

Numbers up t o  16,000. The c a l c u l a t e d  r e s u l t s ,  and the  experimental  d a t a ,  a r e  a l l  

f o r  t h e  case  of a s t a t i c  load d i r e c t i o n  midway between t h e  p i v o t s  of t he  loaded 

pads.  This  i s  the  bear ing  o r i e n t a t i o n  which i s  normally used i n  p r a c t i c e .  This  

arrangement a l s o  r e s u l t s  i n  s e v e r a l  h e l p f u l  s i m p l i f i c a t i o n s  i n  t h e  a n a l y s i s  For 

example, t h e  displacement  of  t he  s h a f t  c e n t e r  caused by a change i n  load w i l l  be 

c o - l i n e a r  w i t h  the  load ,  so t he  a t t i t u d e  angle  i s  always ze ro .  This ,  i n  t u r n ,  

r e s u l t s  i n  t h e  e l imina t ion  of t he  c ross -coupl ing  t e r m s  i n  t he  dynamic a n a l y s i s  re- 

ducing the  number of dynamic c o e f f i c i e n t s  from e i g h t  t o  f o u r .  A f u r t h e r  s i m p l i f i -  

c a t i o n  r e s u l t s  from t h e  f a c t  t h a t  there  a r e  four  pads.  S ince  the  r e s u l t a n t  of t he  

hydrodynamic f o r c e  on each pad m u s t  pass through t h e  p i v o t s  and s i n c e  the  p i v o t s  

a r e  loca ted  a t  45 degrees  from t h e  load d i r e c t i o n ,  t he  bea r ing  r e a c t i o n  t o  a dynamic 

f o r c e  superimposed on t h e  s t a t i c  load w i l l  be  equa l  f o r  a l l  d i r e c t i o n s  of the  

dynamic f o r c e .  This  r e s u l t s  i n  a f u r t h e r  r educ t ion  i n  dynamic c o e f f i c i e n t s  t o  

two (one s t i f f n e s s  and one damping c o e f f i c i e n t ) .  

Calcu la ted  f r i c t i o n  torque was omitted from Reference 4 because an e r r o r  i n  t h e  

computer program a f f e c t i n g  these  r e s u l t s  had been found. This  has  s i n c e  been 

c o r r e c t e d  and t h e  r e s u l t s  a r e  given i n  F i g s .  5 through 8. 

B .  Experimental  Study of t he  Ti l t ing-Pad Bear ing  

The s t a t i c  and dynamic load p r o p e r t i e s  of t h e  t i l t i n g - p a d  j o u r n a l  bea r ing  w i l l  be 

measured f o r  comparison wi th  the  ca l cu la t ed  r e s u l t s  f o r  Reynolds Numbers up t o  

12,000 and f o r  two values  of preload c o e f f i c i e n t ,  0 and 0 . 5 .  The s h a f t  speeds and 

o i l  v i s c o s i t i e s  used t o  o b t a i n  each va lue  of Reynolds Number f o r  both s t a t i c  and 

dynamic load experiments a r e  given i n  Table  1. Two s i l i c o n e  o i l s  a r e  used i n  

t h e s e  experiments .  One has  a v i s c o s i t y  a t  77 F of 5.0  cs  and a v iscos i ty- tempera-  

t u r e  c o e f f i c i e n t  (1 - 
a t  7 7  F i s  0.65  cs  wi th  a c o e f f i c i e n t  of 0.31. 

a t  210 F, of 0 . 5 5 ,  and t h e  v i s c o s i t y  of t he  o ther  v i s c o s i t y  
v i s c o s i t y  a t  100 F 



- 9- 

TABLE I 

Reyno Id s Number 
2nRNC p 

P 

320 (Laminar) 

1000 

3000 

5000 

8000 

12000 

Sha f t  Speed O i l  V i scos i ty  
r Pm c e n t i s t o k e s  

2020 

4800 

2400 

4000 

6400 

8250 

5 .O 
3.9 (100 F) 

0.65 

0.65 

0.65 

0.56 (110 F) 

2 
For each Reynolds Number, t he  Sommerfeld Number ClNLDR (c ) was va r i ed  by 

changing t h e  s t a t i c  load appl ied  t o  the  s h a f t .  

d i r e c t i o n  was midway between the  p ivo t s  of t h e  loaded pads.  

I n  a l l  cgses, the  s t a t i c  load 

Thus f a r ,  complete exper imenta l  d a t a  have been obtained f o r  t he  case  of m = 0.5 

and r e s u l t s  f o r  m = 0 a r e  now being obta ined .  

1. S t a t i c  load c a p a c i t y  

The s t a t i c  load-car ry ing  c a p a c i t y  r e s u l t s  a r e  g iven  i n  F i g s .  9 and 10, a long  

w i t h  the corresponding t h e o r e t i c a l  r e s u l t s .  

c a s e s  which cont inues  t h e  record  of good c o r r e l a t i o n  between t h e o r e t i c a l  and c a l -  

c u l a t e d  load c a p a c i t i e s  obtained previous ly  f o r  t he  s i n g l e  p a r t i a l - a r c  pad bear ing  

over  a s i m i l a r  range of ope ra t ing  condi t ions  (Refs.  2 and 5 ) .  

The agreement i s  very  good f o r  a l l  

The n o t a t i o n  which i s  used f o r  e c c e n t r i c i t y  r a t i o ,  ~ ~ ( l - m ) ,  reduces t o  t h e  eccen- 

t r i c i t y  of t h e  s h a f t  c e n t e r  d iv ided  by t h e  machined c l ea rance  of the  pads (C ) .  
P 

Thus, a displacement  of t he  s h a f t  cen te r  which i s  equa l  t o  the  c l ea rance  a t  t h e  

p i v o t s  r e p r e s e n t s  an e c c e n t r i c i t y  r a t i o  of 1.0 f o r  m = 0 and 0.5 f o r  m = 0.5 .  

S ince  t h e  load d i r e c t i o n  i s  between p ivo t s ,  i t  i s  p o s s i b l e  t o  have e c c e n t r i c i t i e s  

g r e a t e r  than the  p ivo t  c l ea rance  without c o n t a c t  between s h a f t  and pads.  

The measured s h a f t  a t t i t u d e  a n g l e  was always ze ro  a s  it should have been. 
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. -  
2 .  F r i c t i o n a l  torque 

Measured f r i c t i o n  torque  resu l t s  are superimposed on t h e  c a l c u l a t e d  curves i n  F i g s .  

11 and 12.  Torque measurements were taken du r ing  the  s t a t i c  load experiments .  

Provid ing  t h e  appara tus  was operated a t  speed f o r  10 t o  15 minutes before  t ak ing  

measurements t o  permit  the  torquemeter temperature  t o  s t a b i l i z e ,  t h e  r e s u l t s  w e r e  

r ep roduc ib le  w i t h i n  about  f i v e  percent  a t  l o w  speeds and less a t  h igh  speeds.  

Torque was about  10 t o  15 percent  higher du r ing  dynamic load experiments  than  i t  

was f o r  t he  corresponding s t a t i c  load experiment.  Th i s  would be expected because 

of v i b r a t i o n  damping l o s s e s  i n  the  bear ing.  

The measured torques  a r e  c o n s i s t e n t l y  h ighe r  than t h e  c a l c u l a t e d  r e s u l t s  w i t h  t h e  

a b s o l u t e  d i f f e r e n c e  being n e a r l y  uniform f o r  a l l  p o i n t s  a t  each speed (cons tan t  R e ) .  

The c a l c u l a t e d  va lues  r e p r e s e n t  only t h e  l o s s e s  w i t h i n  the  bear ing  i t s e l f .  On 

t h e  o t h e r  hand, t h e  measured l o s s e s  inc lude  the  s e a l s  a t  both ends of t he  t e s t  

bea r ing  housing and those  due t o  "windage" from t h e  s e c t i o n s  of t h e  s h a f t  i n s i d e  

t h e  bea r ing  housing, but  n o t  enveloped by the  bear ing ,  a s  w e l l  a s  those from t h e  

bea r ing .  The d i s p a r i t y  p o i n t s  o u t  the f a c t  t h a t  an allowance f o r  s e a l  and windage 

l o s s e s  should be added t o  ca l cu la t ed  bea r ing  l o s s e s  i n  t h e  des ign  a n a l y s i s  f o r  

l i q u i d - l u b r i c a t e d  r o t a r y  machines. 

I n  o r d e r  t o  proper ly  eva lua te  the  co r rec tness  of t h e  c a l c u l a t e d  bear ing  torque ,  

exper imenta l  measurements of t he  s e a l  and windage l o s s e s  a lone  w i l l  be made. 

This  w i l l  be done by suppor t ing  t h e  t e s t - b e a r i n g  end of t he  s h a f t  on t h e  b a l l  

bea r ing  which i s  normally used t o  apply s t a t i c  load. The test bea r ing  w i l l  be 

removed but  t he  seals w i l l  remain i n  p l a c e  and l u b r i c a n t  w i l l  be c i r c u l a t e d  through 

t h e  t e s t  bea r ing  housing. Windage lo s ses  i n  t h e  four - inch  length  of t he  s h a f t  

normally occupied by the  bear ing  w i l l  be c a l c u l a t e d  and sub t r ac t ed  f r m  the  t o t a l  

to rque  a long  w i t h  t h e  suppor t  bearing l o s s e s  t o  g ive  t h e  t es t  bea r ing  s e a l  and 

windage l o s s e s  a t  each speed. This w i l l  be done upon completion of t h e  t i l t i n g -  

pad bea r ing  experiments  and before  proceeding t o  t h e  f l o a t i n g - r i n g  bea r ing .  
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The i n i t i a l  r educ t ion  of  t h e  experimental  d a t a  f o r  t h e  h igh  speed c a s e s  (6400 and 

8250 r p m ,  g iv ing  Re = 8000 and 12,000 r e s p e c t i v e l y )  r e s u l t e d  i n  experimental  load 

c a p a c i t i e s  which were cons iderably  g rea t e r  (lower e c c e n t r i c i t y  r a t i o )  than were 

c a l c u l a t e d .  Fu r the r  examination ind ica ted  t h a t  the  c e n t r i f u g a l  growth of t he  

s h a f t  a t  t hese  speeds s i g n i f i c a n t l y  a f f e c t s  the  c l ea rance .  The inc rease  i n  s h a f t  

r a d i u s  was c a l c u l a t e d  t o  be 0.00071 inches a t  8250 rpm and 0.000424 inches a t  

6400 rpm. 

where c l e a r a n c e  appears  i n  the  dimensionless  parameters  f o r  e c c e n t r i c i t y  r a t i o ,  

to rque ,  s t i f f n e s s ,  damping and Sommerfeld Number f o r  t hese  speeds.  This  brought 

the  measured s t a t i c  load capac i ty  r e s u l t s  i n t o  good agreement w i t h  the  t h e o r e t i c a l  

r e s u l t s  a s  i s  shown i n  F igs .  9 and 10. The c e n t r i f u g a l  growth of t he  s h a f t  a t  

t h e  lower speeds i s  too  small  t o  be s i g n i f i c a n t ,  so no c o r r e c t i o n s  were r equ i r ed .  

For example, a t  4000 rpm it i s  about 0.00017 inches  which i s  c l o s e  t o  the  measure- 

ment accuracy f o r  pad and s h a f t  r a d i i .  The c e n t r i f u g a l  growth of a s h a f t  i s  

much g r e a t e r  i f  t he  s h a f t  i s  hollow, a s  t h i s  one i s ,  so a c o r r e c t i o n  should be 

made f o r  such s h a f t s  running a t  high speeds and f o r  s o l i d  s h a f t s  i f  t h e  speeds 

a r e  extremely h igh .  

A c o r r e c t i o n  f o r  t h i s  change i n  c l ea rance  was then made i n  a l l  p l aces  

Cor rec t ions  w e r e  r equ i r ed  a l s o  f o r  e l a s t i c  d e f l e c t i o n  of t h e  p i v o t s  under the  s t a t i c  

load s i n c e  t h e  displacement  probes a r e  mounted on t h e  bear ing  housing and not  on 

t h e  pads.  The c o r r e c t i o n  was e s t ab l i shed  by loading  t h e  non- ro ta t ing  s h a f t  and 

r eco rd ing  t h e  ind ica t ed  displacement f o r  each load.  The measured displacements  

were c o n s i s t e n t  w i th  t h e  c a l c u l a t e d  Her tz ian  deformation of t h e  p i v o t s .  

c o r r e c t i o n  i s  n o t  a l i n e a r  func t ion  of load ,  b u t  i t  averages about  0.00032 inches  

p e r  100-pound load .  

The 

With t h e  preloaded bear ing ,  t h e  pads are loaded i n t e r n a l l y  by hydrodynamic a c t i o n ,  

even when t h e r e  i s  no e x t e r n a l  load.  Thus, p i v o t  d e f l e c t i o n  i s  caused by s h a f t  

r o t a t i o n  a lone  and t h i s  should reduce t h e  pre load .  Th i s  e f f e c t  does no t  show up 

a s  a n o t i c e a b l e  d e v i a t i o n  i n  the measured and c a l c u l a t e d  r e s u l t s .  The reason 13 

probably the-way i n  which the  preload i s  a d j u s t e d .  The preload p i v o t  adjustrr.ei,t 

is  made by i n s e r t i n g  shims equal  t o  t h e  d e s i r e d  c l ea rance  between t h e  s h a f t  and 

each pad i n  the  a r e a  of t h e  p i v o t .  The threaded ba l l -end  rod i s  turned i n  u n t i l  

t h e r e  i s  s u b s t a n t i a l  r e s i s t a n c e  t o  a f u r t h e r  advance, t he  shims a r e  removed, and 

t h e  p i v o t  rod i s  locked i n  p lace  by a se t  screw. I n  t h i s  way, t h e  pre load  a d j u s t -  

ment i s  made w i t h  a s i z e a b l e  load on t he  p i v o t s  which tends  t o  compensate f o r  de- 

f l e c t i o n  due t o  i n t e r n a l  hydrodynamic loading when the  s h a f t  i s  running.  



- 12- 

3. Dy namic load performance 

I n  r o t a t i n g  machinery des ign  a n a l y s i s ,  t h e  dynamic p r o p e r t i e s  of bear ings  a r e  

used a s  i n p u t s  t o  a rotordynamics ana lys i s  which determines:  

a .  C r i t i c a l  speeds of t h e  r o t o r  bea r ing  system 

b. Response of t h e  r o t o r  t o  unbalance o r  o t h e r  dynamic load 

c . Hydrodynamic s t a b i l i t y  boundaries of t h e  r o t o r - b e a r i n g  system. 

For t h e  i n v e s t i g a t i o n  of bear ing  dynamic p r o p e r t i e s ,  t h e  most d i r e c t  and p r a c t i c a l  

approach i s  t o  use t h e  t h e o r e t i c a l  t e s t -bea r ing  dynamic p r o p e r t i e s  t o  c a l c u l a t e  

t h e  c r i t i c a l  speeds,  unbalance response and s t a b i l i t y  c h a r a c t e r i s t i c s  of the  ex- 

per imenta l  appara tus .  These ca l cu la t ed  r e s u l t s  can  then be compared w i t h  t h e  

measured performance t o  eva lua te  the  p r a c t i c a l  usefu lness  of t h e  t h e o r e t i c a l  bear- 

i n g  p r o p e r t i e s .  

The rotordynamics a n a l y s i s  i s  based on t h e  assumption t h a t  f o r  small ampli tudes 

of motion t h e  bea r ing  f l u i d  f i l m  fo rces  can  be l i n e a r i z e d  and expressed by means 

of s p r i n g  and damping c o e f f i c i e n t s  (Ref. 6) .  The method used i n  t h e  a n a l y s i s  

i s  t h a t  of Myklestad-Prohl (Ref. 7) which i s  an ex tens ion  of t h e  Holzer method. 

The r o t o r  i s  r ep resen ted  by a f i n i t e  number of mass p o i n t s  connected by weight- 

less e l a s t i c  e lements .  Thus, t h e  r o t o r  i s  d iv ided  i n t o  a s u i t a b l e  number of 

s e c t i o n s  ( i n  t h i s  c a s e ,  e i g h t )  w i t h  each s e c t i o n  having a cons t an t  s t i f f n e s s  

a long  i t s  l eng th  and w i t h  t h e  mass of t h e  s e c t i o n  d iv ided  i n t o  two p a r t s  which 

a r e  concent ra ted  a t  t h e  end p o i n t s  of t he  s e c t i o n s .  

The MTI program provides  f o r  inc luding  t h e  e f f e c t s  of p e d e s t a l  f l e x i b i l i t y .  

p e d e s t a l  i s  r ep resen ted  by a mass and a mass moment of i n e r t i a  and i s  supported 

on s p r i n g s  and dashpots  f o r  both t r a n s l a t o r y  and r o t a t i o n a l  motion. I n  these  

c a l c u l a t i o n s ,  t h i s  f e a t u r e  is used to  inc lude  t h e  e f f e c t s  of bear ing  p i v o t  f l e x i -  

b i l i t y .  The e l a s t i c  s t i f f n e s s  of t h e  p i v o t s  was c a l c u l a t e d  and found t o  be 

3 . 5 ~ 1 0  pounds p e r  i nch  a t  100-pounds load ( s t i f f n e s s  v a r i e s  a s  t h e  2 / 3  power of 

l oad ) .  The measured s t i f f n e s s ,  obtained by measuring s h a f t  d e f l e c t i o n  when loaded 

wi thout  r o t a t i o n ,  was 3 . 1 2 ~ 1 0  pounds per  inch and it remained nea r ly  cons t an t  over 

t he  range of load .  A p e d e s t a l  s t i f f n e s s  of 3 . 5 ~ 1 0  pounds per  inch  was used f o r  

a l l  c o n d i t i o n s  i n  t h e  r o t o r  dynamic a n a l y s i s  and t h e  pad mass and mass moment of 

i n e r t i a  w e r e  i n s e r t e d .  The pedes t a l  damping and the  s t i f f n e s s  f o r  r o t a t i o n a l  

motion w e r e  made equa l  t o  ze ro .  

The 

5 

5 

5 
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I n  t h e  c r i t i c a l  speed a n a l y s i s ,  no bear ing o r  p e d e s t a l  damping i s  

The e f f e c t  of t h i s  i s  t o  g ive  somewhat lower c r i t i c a l  speeds than 

c a s e  i f  t h e r e  i s  s i g n i f i c a n t  damping, e s p e c i a l l y  p e d e s t a l  damping 

p e d e s t a l  damping a r e  included i n  t h e  unbalance response program. 
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cons idered .  

w i l l  b e  t he  

, Bearing and 

The c r i t i c a l  speed program searches  the speed range f o r  t h e  given r o t o r  conf ig-  

u r a t i o n  and bear ing  and p e d e s t a l  c h a r a c t e r i s t i c s  and g i v e s  t h e  system n a t u r a l  

f r equenc ie s  and t h e  mode shape a t  each c r i t i c a l  speed. 

The unbalance response program computes t h e  r o t o r  d e f l e c t i o n s  and t h e  phase angle  

between t h e  unbalance f o r c e  and the s h a f t  c e n t e r  displacement  f o r  each r o t o r  mass 

p o i n t  a t  a given speed. I n  a d d i t i o n ,  t h e  p e d e s t a l  motion and t h e  f o r c e  t ransmi t ted  

t o  t h e  p e d e s t a l  and t o  the  foundat ion a re  given f o r  each bea r ing  l o c a t i o n .  I n  

t h i s  program, comparison between the  c a l c u l a t e d  and measured dynamic load p r o p e r t i e s  

of t h e  tes t  bea r ing  i s  made by comparing s h a f t  motion a t  t h e  t e s t  bea r ing  l o c a t i o n .  

S h a f t  motion a t  t h e  suppor t  bear ing  l a c a t i o n  was a l s o  monitored du r ing  the ex- 

per iments  bu t  a comparison a t  t h i s  l oca t ion  i s  no t  very meaningful s i n c e  the t e s t  

bea r ing  p r o p e r t i e s  have very l i t t l e  in f luence  on motion a t  t he  suppor t  bear ing  end.  

Moreover, t he  motions a t  the support  bear ing  a r e  q u i t e  smal l  due t o  t h e  arrange-  

ment of t h e  bear ings  and unbalance fo rce  a long  t h e  s h a f t .  

4 .  C r i t i c a l  speed a n a l y s i s  

The c a l c u l a t e d  c r i t i c a l  speed map of the r o t o r  bea r ing  system i s  given i n  F i g .  13. 

The suppor t  bea r ing  s t i f f n e s s  was taken a s  1.3~10 pounds per  inch (Ref. 8) f o r  

a l l  c o n d i t i o n s .  The f r e e - f r e e  n a t u r a l  frequency (zero  bea r ing  s t i f f n e s s e s )  i s  

about 18,000 cpm. This  mode occurs  a t  47,400 rpm f o r  1.3~10 pounds pe r  inch 

suppor t  bea r ing  s t i f f n e s s  and 1.0~10 pounds per inch t e s t  bea r ing  s t i f f n e s s .  

The f i r s t  c r i t i c a l  i s  a t r a n s l a t o r y  mode and, f o r  tes t  bea r ing  s t i f f n e s s e s  up t o  a t  
5 5 least  2x10 pounds per  inch it i s  a r i g i d  body v i b r a t i o n .  Beyond 2x10 pounds per  

i nch  test  bear ing  s t i f f n e s s ,  t he  c r i t i ca l  speed p l o t  begins  t o  bend ( c r i t i c a l  

speed i s  no longer p ropor t iona l  t o  t es t  bear ing  s t i f f n e s s  only)  i n d i c a t i n g  t h a t  

t h e r e  i s  beginning t o  be some e f f e c t  of the  suppor t  bea r ing  o r  of s h a f t  f l e x u r e .  

The second c r i t i c a l  speed is a con ica l  mode which changes very l i t t l e  w i t h  t e s t  

bea r ing  s t i f f n e s s  i n  the  range of i n t e r e s t .  Th i s  i s  reasonable  i n  view of the  

h igh  suppor t  bear ing  s t i f f n e s s  and t h e  f a c t  t h a t  t h e  suppor t  bea r ing  is  a t  the  

6 

6 
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extreme end of t h e  s h a f t  wh i l e  the tes t  bear ing  i s  about 1/4 of t h e  s h a f t  l ength  

i n  from the  end. For these  reasons ,  t he  suppor t  bear ing  c h a r a c t e r i s t i c s  l a r g e l y  

c o n t r o l  t h e  c o n i c a l  mode. 
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The range of c a l c u l a t e d  test bear ing s t i f f n e s s e s  (m = 0.5) f o r  t h e  experimental  

o p e r a t i n g  cond i t ions  (range of s t a t i c  load) f o r  each Reynolds Number a r e  ind ica t ed  

a l s o  i n  F ig .  13. I n  a l l  c a s e s ,  except  Re = 12,000 (8250 rpm), t h e  ro to r -bea r ing  

system should be ope ra t ing  below the f i r s t  c r i t i c a l  speed. 

system should be very c l o s e  t o  the f i r s t  c r i t i c a l  accord ing  t o  the  c r i t i c a l  speed 

a n a l y s i s .  

A t  8250 rpm, t h e  

5. Response t o  dynamic load 

Calcula ted  curves  of t h e  r a d i u s  of the c i r c u l a r  locus o r b i t  of t he  s h a f t  c e n t e r  

a t  t h e  t es t  bea r ing  l o c a t i o n  i n  response t o  an unbalance f o r c e  a r e  given i n  F i g s .  

14 and 15. Corresponding experimental  d a t a  p o i n t s  a r e  superimposed on the  c a l -  

c u l a t e d  curves .  S t a t i c  load,  W, was t h e  experimental  v a r i a b l e  i n  t h e  parameter ,  

S, f o r  a given Reynolds Number. The combinations of speed and v i s c o s i t y  given i n  

Table  I w e r e  used t o  o b t a i n  the indica ted  Reynolds Numbers. Cor rec t ions  t o  the  

c l e a r a n c e ,  C t o  account f o r  c e n t r i f u g a l  growth of t h e  s h a f t  were made f o r  R e  = 

8000 and 12;OOO. The unbalance weight which was used va r i ed  depending on t h e  

speed and the  t es t  bear ing  s t i f f n e s s .  An unbalance weight  was chosen t o  g ive  an 

o r b i t  diameter  of from 0.1 t o  0.2 times the  r a d i a l  p i v o t  c l ea rance  (C ) w i t h  50 

pounds load ( s h a f t  weight)  a t  each Reynolds Number. S ince  the  f l u i d  f i l m  f o r c e  

of t h e  bear ing  i s  l i n e a r i z e d  i n  t h e  a n a l y s i s ,  o r b i t  r a d i u s  is d i r e c t l y  propor- 

t i o n a l  t o  unbalance weight f o r  a given set of  ope ra t ing  c o n d i t i o n s .  Thus, a l l  

t h e  r e s u l t s  a r e  presented a s  t h e  o r b i t  r a d i u s  i n  inches  per  ounce-inch unbalance.  

P’ 

B 

The s h a f t  c e n t e r  o r b i t s  measured a t  t h e  test  bear ing  were c h a r a c t e r i s t i c a l l y  c i r -  

c u l a r  and very s t a b l e .  This i s  i l l u s t r a t e d  by t h e  osc i l l o scope  photograph, 

F ig .  16b, of t h e  f i l t e r e d ,  a-c component of t h e  s h a f t  displacement  s i g n a l .  The 

s h a f t  motion a t  t h e  suppor t  bear ing  end i s  much smaller, about 1/5 the  s i z e  of 

t he  o r b i t  a t  t h e  test  bear ing .  Figure 16a i s  a photograph of t h e  o r b i t  a t  t he  

t e s t  bear ing  wi thout  f i l t e r s  and with d-c coupl ing .  The high-frequency “hash” 

i n  t h e  u n f i l t e r e d  s i g n a l  i s  caused by magnetic inhomogenities of t h e  s h a f t .  

The c l ea rance  “square” i s  shown a l s o  i n  F ig .  16a. The p i v o t s  a r e  o r i e n t e d  a t  
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45 degrees  from t h e  g r i d  l i n e s  and t h i s  r e s u l t s  i n  t h e  c h a r a c t e r i s t i c  square-on- 

edge shape of t h e  c l e a r a n c e  space f o r  a four-pad bea r ing .  The pv io t  c l e a r a n c e ,  .. C i s  h a l f  of t h e  s i d e  of t h e  square.  B 

The measured and c a l c u l a t e d  phase ang le s ,  t h e  a n g l e  by which t h e  s h a f t  c e n t e r  d i s -  

placement l a g s  t h e  unbalance f o r c e ,  a r e  g iven  i n  F igs .  17 and 18 f o r  t h e  m = 0.5 

bea r ing .  

Agreement between t h e  measured and c a l c u l a t e d  response of t h e  s h a f t  t o  unbalance 

loading i s  v e r y  good; b e t t e r  t h a n  has been t h e  c a s e  i n  o t h e r  work of t h i s  t ype  

(Refs.  6 and 9 ) .  Recognizing that  t h e s e  r e s u l t s  cover j u s t  one v a l u e  of bear ing 

p re load ,  it i s  c l e a r  t h a t  t h e  combined lubrication-rotordynamics t h e o r y  gave re- 

s u l t s  which were p r e c i s e  enough f o r  p r a c t i c a l  d e s i g n  a n a l y s i s .  

between measured and c a l c u l a t e d  phase a n g l e s  i s  not a s  good as  it was f o r  v i b r a t i o n  

ampli tude.  

p r e t a t i o n  of phase ang le s  i n  ro to r -bea r ing  systems i s  f r e q u e n t l y  u n c e r t a i n  and, 

by themselves,  t h e y  have no p a r t i c u l a r  s i g n i f i c a n c e  i n  des ign  a n a l y s i s .  

The agreement 

T h i s  i s  n e i t h e r  s u r p r i s i n g  nor  e s p e c i a l l y  s e r i o u s  s i n c e  t h e  i n t e r -  

The c r i t i c a l  speed a n a l y s i s  i nd ica t ed  t h a t  o p e r a t i o n  a t  8250 rpm (Re = 12,000) 

would be  above t h e  f i r s t  c r i t i c a l  speed. For a s imple,  r i g i d  body, supported 

on a s p r i n g ,  one would expect  a much l a r g e r  v i b r a t i o n  amplitude a t  t h i s  f r e -  

quency than t h e r e  was a t  lower f requencies  and, i n  a d d i t i o n ,  t he  phase angle  

should be much l a r g e r  a t  t h i s  frequency s i n c e  t h e r e  i s  a 180-degree s h i f t  i n  

phase angle  when pass ing  through the c r i t i c a l  speed. Nei ther  of t h e s e  expecta- 

t i o n s  i s  r e a l i z e d  i n  e i t h e r  the r o t o r  response c a l c u l a t i o n s  o r  t h e  experimental  

measurements a t  8250 rpm. The absence of a h ighe r  v i b r a t i o n  amplitude can be 

explained by the  l a r g e  amount of damping i n  t h i s  system. There i s  no such read- 

i l y  a v a i l a b l e  exp lana t ion  f o r  t h e  behavior of t h e  phase ang le .  However, i t  i s  

g e n e r a l l y  t r u e  t h a t  t he  phase angles i n  r o t o r  systems, w i t h  t h e i r  complex arrange-  

ments of m u l t i p l e  s p r i n g s  and dashpots r e p r e s e n t i n g  t h e  r o t o r ,  bea r ings  and 

p e d e s t a l s ,  do no t  behave i n  the s t r a igh t fo rward  f a s h i o n  of a simple spring-mass 

system. 

which we  have h e r e  i s ,  un fo r tuna te ly ,  c h a r a c t e r i s t i c  of rotordynamics a n a l y s i s  

a t  t h i s  t ime. S t i l l ,  i t  i s  encouraging t h a t  t h e  r o t o r  response c a l c u l a t i o n s  

and experiments do ag ree .  

The d i f f i c u l t y  i n  making a meaningful i n t e r p r e t a t i o n  of t h e  phase ang le s  
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6 .  Hydrodynamic s t a b i l i t y  
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. .  A s  long a s  the  pads t r a c k  t h e  motions of the j o u r n a l  c e n t e r ,  t he  t i l t i n g - p a d  

bea r ing  should be hydrodynamically s t a b l e .  The mass moment of i n e r t i a  (M ) of 

t h e  pads which must n o t  be exceeded for  proper pad t r a c k i n g  can be c a l c u l a t e d  

from the t h e o r e t i c a l  curves  of pad c r i t i c a l  mass ve r sus  Sommerfeld Number given i n  

Reference 4. 
The r e s u l t i n g  va lues  of M range from 0 . 1  t o  0.32 1b.sec / i n .  The a c t u a l  

2 mass moment of i n e r t i a  o f  t h e  pads M is 6 . 7 1 c l O - ~  1b.sec / i n .  which i s  f a r  

less than  t h e  c r i t i c a l  va lue .  Therefore ,  t h e r e  should have been no problem w i t h  

pad f l u t t e r  o r  hydrodynamic i n s t a b i l i t y  w i t h  t h e  m = 0.5 preloaded bear ing .  This 

w i l l  be the case  f o r  any reasonable  pad des ign  w i t h  m = 0.5. 

c r  

This  has  been done f o r  the  ope ra t ing  c o n d i t i o n s  of t hese  experiments .  
2 

c r i t  

Pad 

A s  was p r e d i c t e d ,  t h e r e  was no evidence of i n s t a b i l i t y  f o r  any ope ra t ing  c o n d i t i o n ,  

i nc lud ing  ze ro  load ,  f o r  t h e  bear ing  wi th  m = 0.5. I n  a d d i t i o n ,  t h e  pad motions,  

a s  measured by t h e  probes mounted i n  t h e  r i n g  and r e f e r e n c i n g  a g a i n s t  t he  back of 

t h e  pad, remained c l o s e  t o  being i n  phase w i t h  the  s h a f t  motions.  This i s  i l l u s -  

t r a t e d  by t h e  o s c i l l o s c o p e  traces of t h e  pad p i t c h  and r o l l  motions shown i n  

F i g .  16.  The i n t e r r u p t i o n  i n  t h e  traces i s  caused by the  unbalance f o r c e  p o s i t i o n  

marker and it i n d i c a t e s  t h a t  a t  t h a t  t i m e  t he  f o r c e  is  d i r e c t e d  v e r t i c a l l y  upward. 

I f  t h e r e  were ze ro  phase angles  between unbalance f o r c e  and s h a f t  motion and 

between s h a f t  and pad motions,  t he  marker should occur  a t  t h e  midpiane of the  

s i n u s o i d a l  s i g n a l  (zero  t ilt).  Actual ly  t h e  markers occur about  70 degrees  p a s t  

t h e  midplane ( the  beam sweeps from l e f t  t o  r i g h t ) .  

motion phase ang le s  f o r  t hese  opera t ing  c o n d i t i o n s  were about  40 degrees ,  so the  

phase angle  between s h a f t  and pad motions i s  about  30 degrees .  

The unbalance f o r c e - s h a f t  

The ampli tude of t h e  r o l l  motion (cyclic, a x i a l  misalignment) remained f a i r l y  

c o n s t a n t  f o r  a l l  va lues  of load and speed.  

u s u a l l y  n e a r l y  i n  phase,  a s  shown i n  F ig .  16, a l though t h e r e  w e r e  some small 

v a r i a t i o n s  i n  the  d i r e c t i o n s  of a lag i n  r o l l  of up t o  about  30 degrees .  

The p i t c h  and r o l l  motions were 
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.. I V .  THE FLOATING-RING BEARING 

The f l o a t i n g - r i n g  bea r ing  has  been used s u c c e s s f u l l y  i n  many high-speed appl ica-  

t i o n s ,  e s p e c i a l l y  i n  turbochargers .  

a f r e e ,  f l o a t i n g  r i n g  around the  s h a f t  w i t h  an o u t e r  bea r ing  o u t s i d e  the  r i n g .  

The main advantages a re :  

The b a s i c  bea r ing  c o n f i g u r a t i o n  i s  simple - 

1. Low f r i c t i o n  torque  s i n c e  the s h a f t  d rag  i s  caused by shear  of t he  inne r  

f i l m  on ly .  With the  r i n g  r o t a t i n g  a t  an in t e rmed ia t e  speed, shear  r a t e s  

i n  t h i s  f i l m  a r e  lower than they would be  f o r  a p l a i n  j o u r n a l  bea r ing  a t  

t h e  same s h a f t  speed and c learance .  The torque  r educ t ion  may be a s  much 

a s  h a l f  t h a t  of a f ixed  bear ing whose c l ea rance  i s  equa l  t o  t h e  s h a f t -  

t o - r i n g  c l ea rance .  

2. High l u b r i c a n t  f low through t h e  bea r ing  f o r  a given pumping power because 

of the  double f i l m s .  Th i s  is e s p e c i a l l y  s i g n i f i c a n t  i n  turbomachinery 

where bea r ing  temperatures  must be kep t  low i n  s p i t e  of c l o s e  proximity 

t o  h igh  temperature  a r e a s .  

3 .  Very l a r g e  damping because of t h e  double l u b r i c a n t  f i l m s .  

t o  be the  exp lana t ion  f o r  the appa ren t ly  good dynamic performance of t he  

bea r ing  a t  very h igh  speeds,  i n  s p i t e  of t h e  f a c t  t h a t  i t  l acks  t h e  i n h e r e n t  

s t a b i l i t y  of t h e  t i l t i n g - p a d  bear ing .  

This  appears  

Its d isadvantages  i n c  lude : 

1. Limited s t a t i c  load capac i ty  compared w i t h  most o t h e r  bear ing  types .  

2.  E r r a t i c  behavior a t  h igh  e c c e n t r i c  r a t i o s ,  probably because t h e  r i n g  speed 

i s  very s e n s i t i v e  t o  e c c e n t r i c i t y  i n  t h i s  range .  

On s t a r t - u p  t h e r e  may be some tendency f o r  j u s t  one l u b r i c a n t  f i l m  t o  

form so t h a t  t h e  r i n g  e i t h e r  r o t a t e s  a t  s h a f t  speed o r  remains s t a t i o n a r y .  

3 .  

Design and a p p l i c a t i o n  of f l o a t i n g - r i n g  bear ings  have been done almost  e n t i r e l y  

by e m p i r i c a l  means. 

by Shaw (Ref. lo), bu t  i t s  p r a c t i c a l  value i s  r e s t r i c t e d  because: 

There i s  a laminar-flow f l o a t i n g - r i n g  bea r ing  theory developed 

1. It i s  f o r  t h e  i n f i n i t e - l e n g t h  bea r ing  c a s e .  

2 .  The e f f e c t s  of p re s su r i zed  lub r i can t  supply a r e  n o t  cons idered;  y e t  t hese  
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bear ings  a r e  n e a r l y  always suppl ied wi th  l u b r i c a n t  under p re s su re .  Pres-  

su r i zed  l u b r i c a n t  supply w i l l  reduce t h e  e x t e n t  of f i l m  r u p t u r e  i n  t h e  

bear ing  which w i l l  have an  important e f f e c t ,  e s p e c i a l l y  on the  dynamic 

p r o p e r t i e s .  

3 .  The s o l u t i o n  cove r s  only very l a r g e  Sommerfeld Numbers corresponding t o  

low e c c e n t r i c i t y  r a t i o .  

A .  Float inp-Ring T e s t  Bearing Des ign  

The f l o a t i n g - r i n g  tes t  bea r ing  h a s  been designed and f a b r i c a t i o n  w i l l  soon begin.  

The d e s i g n  i s  s i m i l a r  t o  t h a t  used by Shaw and Nussdorfer (Ref. 10) i n  t h e i r  ex- 

per iments  wi th  a laminar f low bearing.  The f l o a t i n g  bushing i s  of s t e e l  coated 

w i t h  phosporous bronze. Lubr icant  i s  suppl ied  t o  a c i r c u m f e r e n t i a l  groove a t  t he  

c e n t e r l i n e  of t h e  o u t e r  bear ing  r i n g  (F ig .  19).  There i s  a matching groove i n  

t h e  o u t e r  su r f ace  of t h e  bushing and a l s o  a s i m i l a r  groove i n  i t s  inne r  s u r f a c e .  

E igh t  r a d i a l  h o l e s  evenly spaced around the  bushing communicate between the  o u t e r  

and t h e  inner  grooves.  With t h i s  arrangement, l u b r i c a n t  is  suppl ied  under even 

p r e s s u r e  a l l  around the  circumference t o  both l u b r i c a n t  f i l m s  a t  t he  bear ing  

c e n t e r l i n e .  It then  f lows a x i a l l y  outward t o  ambient p re s su re  a t  t he  ends.  

The fo l lowing  bea r ing  des ign  parameters have been chosen: 

S h a f t  diameter  (D1) = 4 inches 

L/D1 = 1.0 

D2 

Dl 
R a t i o  of bushing d iameters  (-) = 1.2 

L1 -3 
R, 

Inner  f i l m  c l ea rance  r a t i o  (-) = 1 . 5 ~ 1 0  i n / i n .  
1 

= 0 . 7  and 1.3 c2 R a t i o  of f i l m  c l ea rances  (T) 

Shaw and Nussdorfer  r epor t ed  i r r e g u l a r  r o t a t i o n  of t he  bushing when t h e  r a t i o  of 

f i l m  c l ea rance  i n  t h e i r  experiments was g r e a t e r  than 1.0. Bushing speed was 

s t a b l e  and reproducib le  f o r  va lues  of C /C 

w e  p l an  t o  use  two va lues  of C2/C1; one on e i t h e r  s i d e  of 1.0.  

of less than one. For t h i s  reason ,  2 1  
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The p o s i t i o n  of t he  bushing w i t h i n  the o u t e r  bear ing  w i l l  be  measured by fou r  

eddy-cur ren t  probes; one onthe X a x i s  and one on the  Y a x i s  a t  each end of t he  

bushing (F ig .  1 9 ) .  Bushing speed w i l l  be measured by p u t t i n g  an i r r e g u l a r i t y  

on t h e  bushing su r face  a t  one end where it passes  under t h e  probes,  r e s u l t i n g  i n  

a v o l t a g e  peak once each r e v o l u t i o n .  This  s i g n a l  w i l l  be fed  t o  an  a m p l i f i e r  

through a capac i t ance  coupl ing  and then i n t o  a f requency meter. 

B .  

The bea r ing  model which has  been analyzed c o n s i s t s  of two load-car ry ing  l u b r i c a n t  

f i l m s ,  one on e i t h e r  s i d e  of t h e  f l o a t i n g  s l e e v e .  Each l u b r i c a n t  f i l m  i s  suppl ied  

w i t h  o i l  under p re s su re  from a c i r cumfe ren t i a l  groove a t  t h e  c e n t e r l i n e  so  t h a t  

each  f i l m  i s  d iv ided  i n t o  two bear ings,  each of s l ende rness  r a t i o  1 /2  and each 

having supply p re s su re  a t  one end and ambient p re s su re  a t  t he  o t h e r .  

T h e o r e t i c a l  Analys is  of t h e  Floating-Ring Bear ing  

The f i r s t  s t e p  i n  t h e  a n a l y s i s  i s  t o  gene ra t e  the  bas i c  d a t a  on t h e  i n d i v i d u a l  

f u l l - j o u r n a l  bea r ing  f i l m .  This  i s  done by a f i n i t e  d i f f e r e n c e  program to which 

t h e  l i n e a r i z e d  t u r b u l e n t  flow l u b r i c a t i o n  theory (Ref. 1) i s  adapted. This  re- 

s u l t s  i n  a body of in format ion  on Sommerfeld Number, dimensionless  to rque  and 

d imens ionless  f low f o r  a range  of assigned Reynolds Numbers, e c c e n t r i c i t y  r a t i o s  

and d imens ionless  feed pressures.  The procedure f o r  ob ta in ing  t h i s  information 

i s  desc r ibed  i n  more d e t a i l  i n  the-Appendix. 

For t h e  composite f l o a t i n g - r i n g  bear ing ,  i t  i s  r equ i r ed  t h a t  t he  supply  p r e s s u r e ,  

load and torque f o r  t h e  i n s i d e  and ou t s ide  f i l m s  m u s t  be equa l .  To do t h i s ,  i t  

i s  necessary  t o  s a t i s f y  four  e q u a l i t i e s  which a r e  given i n  t h e  Appendix. The 

Appendix a l s o  inc ludes  a b r i e f  d e s c r i p t i o n  of t h e  computat ional  procedure f o r  

s a t i s f y i n g  t h e s e  e q u a l i t i e s  t o  obta in  t h e  f l o a t i n g - r i n g  bea r ing  s t a t i c  load per-  

formance curves  given i n  F igs .  2 0  through 41. 
procedure i s  q u i t e  lengthy ,  so numer i ca l i r e su l t s  have been obta ined  j u s t  f o r  t h e  

range of parameters  which w i l l  b e  covered by the  experiments ,  and j u s t  f o r  L/D = 

1.0 and RZ/R1 = 1.2 .  

des ign  curves  can be prepared.  

The computation and d a t a  r educ t ion  

I f  t h e  theory i s  v e r i f i e d  by t h e  experiments ,  more ex tens ive  

S t a t i c  load c a p a c i t y  cu rves  a r e  given i n  F i g s .  20 through 29. S h a f t  e c c e n t r i c i t y  

i n  t h e  r i n g ,  versus  Sommerfeld Number f o r  four  va lues  of Reynolds Number i s  €1' 
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given  i n  F i g s .  20 through 2 5 .  Each f igu re  g ives  r e s u l t s  f o r  one va lue  of t h e  o u t e r  

t o  t h e  inne r  f i l m  c l ea rance  r a t i o  (C /C  ) and one va lue  of the  dimensionless  supply 2 1  
p r e s s u r e  parameter (-1. f m1 

The e c c e n t r i c i t y  of t h e  r i n g  i n  the bear ing,  c 2 ,  can be determined from F i g s .  26 

through 29 once el i s  known. 

a l l  va lues  of Reynolds Number. For t h i s  r a t i o  of c l e a r a n c e s ,  t he  d i f f e r e n c e s  w i t h  

Reynolds Numbers a r e  so smal l  t h a t  v a r i a t i o n s  i n  t h e  curves  due t o  numerical  

i n a c c u r a c i e s  a r e  of t h e  same o rde r .  

The curves which a r e  given f o r  C /C = 1 . 3  apply t o  2 1  

R1 
c, 

The d imens ionless  f r i c t i o n  f a c t o r  (- f )  versus  Sommerfeld Number i s  given i n  

F i g s .  30 t h  ou h 35.  

C /C  and - 2 1  W 

Again, each f i i u r e  g ives  d a t a  f o r  one combination of 

and f o r  fou r  values of Reynolds Numbers. FS& 

The r a t i o  of r i n g  speed t o  s h a f t  speed (N2/N1) i s  given i n  F igs .  36 through 4 1  

w i t h  t h e  same arrangement f o r  p re sen ta t ion .  These r e s u l t s  a r e  s i m i l a r  t o  those  

of Shaw and Nussdorfer i n  t h a t  a s  the Sommerfeld Number becomes smal le r  ( l a r g e r  

e c c e n t r i c i t y ) ,  t h e  r i n g - s h a f t  speed r a t i o  begins  t o  f a l l  r a p i d l y .  This  e f f e c t  

accompanies and is  r e l a t e d  t o  t h e  f a c t  t h a t  a t  low Sommerfeld Numbers the  o u t e r  

f i l m  e c c e n t r i c i t y  r a t i o  (E ) is  becoming l a r g e  whi le  t h e  inner  f i l m  e c c e n t r i c i t y  

(E. ) i s  s t i l l  small  (Figs .  26 through 2 9 ) .  
2 

1 

The load c a p a c i t i e s  of t h e  two f i lms  can  be brought i n t o  b e t t e r  balance and 

a s t a b l e  r i n g  speed r a t i o  can be maintained a t  lower Sommerfeld Numbers i f  t he  

r a t i o  of c l e a r a n c e s ,  C2/C, ,  i s  k e p t b e l o w  1 . 0 .  

p a r i s o n  of t he  r e s u l t s  on r i n g  speed r a t i o  and r a t i o  of f i l m  e c c e n t r i c i t i e s  

Th i s  can be seen from a com- 

f o r  t h e  two va lues  of C /C  used i n  the c a l c u l a t i o n s .  On the  o t h e r  hand, a 

l a r g e r  va lue  of C /C  

duc t ion .  

less than 1.0,  were planned f o r  t h e  purpose of i n v e s t i g a t i n g  these  e f f e c t s .  

2 1  
i s  d e s i r a b l e  from t h e  s t andpo in t  of f r i c t i o n  torque re- 2 1  

Experiments w i t h  two values  of C2/C1, one g r e a t e r  than 1.0 and one 

I n d i c a t i o n s  a r e  t h a t  t h e  behavior  of t h e  bea r ing  may be e r r a t i c  i n  t h e  range 

where N / N  changes r a p i d l y  w i t h  S .  Shaw and Nussdorfer r epor t ed  t h i s  and 

o t h e r  f i e l d  exper ience  w i t h  t h e  bear ing a l s o  shows r e l a t i v e l y  poor behavior 

under high loads .  According t o  Kettleborough, the  main probLem i s  t o  ensure 

formation of both hydrodynamic f i lms  when s t a r t i n g  from rest  under load .  

Shaw and Nussdorfer nor Kettleborough gave any informat ion  on t h e  displacement  

2 1  

Nei ther  



-21- 

*I 

of  t h e  s h a f t  o r  bushing i n  the  bear ing du r ing  t h e i r  experiments  (Kettleborough 

at tempted such measurements but  gave no r e su l t s ) .  The ins tan taneous  measure- 

ments of s h a f t  and r i n g  locus and of s h a f t  and r i n g  speeds which a r e  t o  be ob- 

t a i n e d  i n  t h i s  program should r e v e a l  much about  t he  ope ra t ion  of t he  bear ing ,  

e s p e c i a l l y  a t  low Sommerfeld Numbers. 

Thus f a r ,  t h e  r e s u l t s  on l u b r i c a n t  flow r a t e  have no t  y e t  been reduced. This  

w i l l  be done i n  t h e  near  f u t u r e  and the s t a t i c  load r e s u l t s  f o r  t h e  f l o a t i n g - r i n g  

bea r ing  w i l l  t hen  be complete.  

and r e s u l t s  should be obtained dur ing  the next  q u a r t e r .  

\' 

The dynamic load a n a l y s i s  i s  a l s o  proceeding 
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V. FUNDAMENTAL STUDY OF SUPERLAMINAR FLOW I N  CONCENTRIC AND ECCENTRIC ANNULI 

A .  Flow V i s u a l i z a t i o n  Using Elec trochemiluminescence 

- 

The t e s t  r i g  b u i l t  t o  explore  t h e  use of e lectrochemiluminescence f o r  s tudying  

flow p a t t e r n s  i n  bear ings  i s  shown i n  F ig .  42. The r i g  i s  a beaker i n  which 

t h e r e  i s  a 5/8 inch  I . D .  g l a s s  s l eeve .  A 1 /2  inch  plat inum-plated s h a f t ,  r o t a t e d  

by a v a r i a b l e  speed d r i v e ,  ex tends  i n t o  t h e  g l a s s  s l e e v e  from above. This  

p la t inum-pla ted  s h a f t  i s  overcoated with an i n s u l a t i n g  l a y e r  of epoxy except  f o r  

a one-inch long s e c t i o n  w i t h i n  the  g l a s s  s l eeve .  The plat inum s h a f t  i s  e lec t r i -  

c a l l y  connected t o  t h e  p o s i t i v e  te rmina l  of  a low-voltage d-c power supply.  A 

p la t inum cathode i s  contained i n  t h e  beaker.  The e n t i r e  beaker i s  f i l l e d  wi th  

an electrochemiluminescent  s o l u t i o n  c o n s i s t i n g  mainly of water  a s  s o l v e n t  w i th  

KCL a s  a suppor t ing  e l e c t r o l y t e  and Luminol" a s  t h e  chemiluminescent subs tance  

When a p o t e n t i a l  d i f f e r e n c e  on t h e  order  of two v o l t s  i s  maintained between the  

plat inum-plated s h a f t  and t h e  platinum e l e c t r o d e ,  a b lue  glow occurs  i n  t h e  f i l m  

immediately ad jacen t  t o  the  s u r f a c e  of t he  plat inum s h a f t  w i t h i n  t h e  g l a s s  s l eeve  

( t h e  p a r t  of the  s h a f t  no t  coated with epoxy). The i n t e n s i t y  of t h i s  b l u e  glow 

depends on t h e  l o c a l  r a t e  of mass t r a n s f e r  of f r e s h  s o l u t i o n  t o  t h e  su r face  of the  

r o t a t i n g  s h a f t .  The glow p a t t e r n  should r e v e a l  t he  o n s e t  of a Taylor vor tex  flow 

p a t t e r n  o r  t he  o n s e t  of tu rbulence  s ince  these  flow p a t t e r n s  w i l l  r e s u l t  i n  l o c a l  

v a r i a t i o n s  i n  l i q u i d  mass t r a n s p o r t  a t  t h e  s h a f t  s u r f a c e .  

Experiments w i th  t h e  above tes t  r i g  have been plagued by d i f f i c u l t i e s  w i t h  t h e  

p la t inum p l a t i n g  on t h e  s h a f t .  A l l  p l a t ed  c o a t i n g s  of p la t inum t e s t e d  t o  d a t e  

have conta ined  some microscopic p i n  ho le s  w i t h  t h e  r e s u l t  t h a t  t h e  e l e c t r o l y t i c  

s o l u t i o n  quick ly  a t t acked  t h e  s h a f t  beneath t h e  p la t inum c o a t i n g .  

managed t o  o b t a i n  s a t i s f a c t o r y  glow p a t t e r n s  w i t h  t h e  corroded s h a f t s ,  no recog- 

n i z a b l e  Taylor vo r t ex  flow p a t t e r n  or t u r b u l e n t  f low p a t t e r n  has  y e t  been re- 

vealed by t h e  electrochemiluminescent  glow. 

t o  t h e  extreme roughness of t h e  corroded s h a f t s ,  which r e s u l t e d  i n  a cons iderable  

d i s t u r b a n c e  of the  flow i n  t h e  c learance  between t h e  s h a f t  and the  surrounding 

g l a s s  tube .  I n  any c a s e ,  because of t h e  d i f f i c u l t i e s  m e t  w i t h i n  the  development 

of t h e  electrochemiluminescent  technique, we  have decided t o  concen t r a t e  our 

Although w e  

It i s  thought  t h a t  t h i s  may be due 

* Eastman Kodak Company Trade N a m e  
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e f f o r t s  on t h e  o t h e r  two experimental  s t u d i e s  i n  the  program, namely, t h e  S t u d i e s  

Using P a r t i a l  A r c  Bearings and t h e  Torque and Pressure Measurements w i t h  Close 

Clearance Cyl inders .  Progress  on these two s t u d i e s  i s  d i scussed  i n  sepa ra t e  

s e c t i o n s  below. 

We w i l l  cont inue  t o  explore  t h e  f e a s i b i l i t y  of t h e  electrochemiluminescent  flow 

v i s u a l i z a t i o n  technique f o r  s tudying bea r ing  flow. W e  a r e  p r e s e n t l y  making a 

s h a f t  u s ing  plat inum f o i l  r a t h e r  than p la t inum p l a t i n g  and a r e  conf iden t  t h a t  

t h i s  w i l l  so lve  t h e  co r ros ion  problems. This  new s h a f t  w i l l  be t e s t e d  w i t h i n  

a week and w e  should soon know whether o r  not  t he  electrochemiluminescent  tech- 

nique war ran t s  f u r t h e r  development for u s e  i n  bear ing  s t u d i e s .  

B.  Torque and Pressure  Measurements w i t h  Close Clearance Cyl inders  

I n  Last y e a r ' s  experimental  work on the onse t  of Taylor  v o r t i c e s  i n  the  flow be- 

tween non-concentr ic  c y l i n d e r s  (Ref. 3 ) ,  t he  t es t  r i g  used had a c l ea rance  r a t i o  

t h a t  was q u i t e  l a r g e  by bear ing  s tandards (C/R = 0.099).  I n e r t i a  e f f e c t s  were 

probably important  i n  t h e  f low and, t he re fo re ,  t h e r e  was some ques t ion  concerning 

d i r e c t  q u a n t i t a t i v e  a p p l i c a t i o n  of l a s t  y e a r ' s  r e s u l t s  t o  bear ings .  I n  o rde r  

t o  r e s o l v e  t h i s  ques t ion ,  w e  p lan  t o  r e p e a t  l a s t  y e a r ' s  measurements us ing  a 

t es t  r i g  wi th  a much smal le r  r a d i a l  c learance .  Th i s  test  r i g  i s  shown schemat- 

i c a l l y  i n  F ig .43 .  The inne r  aluminum c y l i n d e r  i s  the  one used i n  l a s t  y e a r ' s  

experiments .  The d r i v e  system, t h e  method of vary ing  e c c e n t r i c i t i e s  of the  

c y l i n d e r s ,  and t h e  method of measuring torque a r e  a l s o  the  same a s  employed l a s t  

year  and a r e  descr ibed  i n  Reference 3. The new o u t e r  c y l i n d e r ,  r e p l a c i n g  Last 

y e a r ' s  g l a s s  c y l i n d e r ,  i s  of aluminum and con ta ins  16 p re s su re  t a p s  arranged 

c i r c u m f e r e n t i a l l y  around t h e  c y l i n d e r .  The r a d i a l  c l ea rance  between inner  and 

o u t e r  c y l i n d e r  i s  0.02 inch ,  which r e s u l t s  i n  a c l ea rance  t o  r a d i u s  r a t i o  of 

0.011. 

r i n g  i n  bea r ings ,  it i s  n e a r l y  an order  of magnitude less than t h e  c l ea rance  r a t i o  

p rev ious ly  used, and by comparing t h e  d a t a  obtained a t  C/R 

0.011, i t  should be p o s s i b l e  t o  e x t r a p o l a t e  the  r e s u l t s  t o  apply t o  bea r ings .  

1 

Although t h i s  c l ea rance  r a t i o  is  s t i l l  l a r g e  compared w i t h  those  occur- 

= 0.099 and C/R1 = 1 

I n  the  c l o s e  c l ea rance  experiments ,  t h e  onse t  of Taylor v o r t i c e s  w i l l  be de t ec t ed  

by means of to rque  measurements a lone .  A s  descr ibed  i n  Reference 3, t h i s  i s  the  

most p r e c i s e  way i n  which t o  determine Taylor vo r t ex  i n s t a b i l i t y .  

d a t a  w i l l  be taken  i n  t h e  Taylor regime and i n  t h e  t u r b u l e n t  regime a t  d i f f e r e n t  

F r i c t i o n  f a c t o r  
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e c c e n t r i c i t i e s .  For concen t r i c  c y l i n d e r s  w i t h  o u t e r  c y l i n d e r  s t a t i o n a r y  and inne r  

c y l i n d e r  r o t a t i n g ,  t h e  dependence of  f r i c t i o n  f a c t o r  on c l ea rance  r a t i o  i s  w e l l  

e s t a b l i s h e d .  For the  c a s e  where t h e  cy l inde r s  a r e  e c c e n t r i c ,  the  f r i c t i o n  fac-  

t o r  d a t a  known t o  u s  is 

d a t a  taken  by Smith and F u l l e r  (Ref. 11) a t  a c l ea rance  r a t i o  of 0.00293. These 

two s e t s  of d a t a  do n o t  agree  q u a l i t a t i v e l y .  It i s  be l ieved  t h a t  t h i s  d i sag ree -  

ment i s  due t o  e f f e c t s  of "f i lm rupture"  i n  the  Smith and F u l l e r  tests. 

c o n c e n t r i c  f r i c t i o n  f a c t o r  d a t a  t o  be taken i n  t h e  p re sen t  c l o s e  c l ea rance  expe r i -  

ments coupled w i t h  t h e  corresponding da ta  taken  l a s t  year  should e s t a b l i s h  how 

e c c e n t r i c  c y l i n d e r  f r i c t i o n  f a c t o r s  depend on c l ea rance  r a t i o  f o r  the  case  of no 

f i l m  r u p t u r e .  

t h a t  taken a t  MTI l a s t  year  (C/R1 = 0.099) and some 

The non- 

P res su re  d i s t r i b u t i o n  measurements i n  t he  c l o s e  c l ea rance  experiments w i l l  be made 

by a monometer bank system. There w i l l  be s i x t e e n  manometers. The p res su res  a t  

t a p s  2 through 16 w i l l  be measured s imultaneously w i t h  r e s p e c t  to the  p re s su re  

a t  t a p  1 a s  r e f e r e n c e .  The f l u i d  i n  the  bottom on the  manometers w i l l  be water  

w i t h  a s p e c i f i c  g r a v i t y  of 1.0. The f l u i d  i n  the  p re s su re  t a p  l i n e s  and i n  t h e  

top  of t h e  manometer w i l l  be s i l i c o n e  f l u i d  having a s p e c i f i c  g r a v i t y  i n  t h e  range 

0.873 t o  0.960. Thus, a d i f f e r e n t i a l  p re s su re  of one inch  of water  w i l l  r e s u l t  

i n  a monometer r ead ing  of t he  o rde r  of 10 t o  20 inches .  This  degree of s e n s i t i v i t y  

i s  necessary  s i n c e  w i t h  two c e n t i s t o k e  s i l i c o n e  o i l  ( t he  v i s c o s i t y  grade t o  be 

used i n  t h e  vo r t ex  i n s t a b i l i t y  runs)  t h e  maximum expected c i r c u m f e r e n t i a l  p re s su re  

d i f f e r e n c e  a t  t he  Taylor c r i t i c a l  speed w i l l  be on t h e  o rde r  of only two inches  

of water  a t  an e c c e n t r i c i t y  r a t i o  of 0.5.  

The p r e s s u r e  measurements t o  be made w i t h  the  c l o s e  c l ea rance  t es t  r i g  w i l l  be 

va luab le  i n  two r e s p e c t s .  

bea r ing  o p e r a t i n g  c h a r a c t e r i s t i c s  i n  superlaminar  flow regimes and, second, know- 

ledge of p re s su re  g r a d i e n t  is  necessary t o  compare t h e o r e t i c a l  p r e d i c t i o n  of 

f low i n s t a b i l i t y  w i t h  experiment.  

F i r s t ,  the d a t a  w i l l  c o n t r i b u t e  t o  knowledge of 

The c l o s e  c l ea rance  t e s t  r i g  descr ibed above i s  now being cons t ruc t ed  and should 

be ready  i n  January.  
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.- 
C .  S t u d i e s  Using Pa r t i a l -Arc  Bearings 

Fol lowing t h e  experiments w i t h  the  c lose  c l ea rance  t e s t  r i g ,  i t  i s  planned t o  

conduct  v i s u a l  s t u d i e s  of flow i n s t a b i l i t y  i n  a p a r t i a l - a r c  c o n f i g u r a t i o n .  The 

s i t u a t i o n  w i t h  r e s p e c t  t o  flow i n s t a b i l i t y  appears  t o  be q u i t e  d i f f e r e n t  i n  

p a r t i a l - a r c  geometries than i t  i s  i n  f u l l  c y l i n d r i c a l  geometr ies .  I n  t h e  l a t t e r  

c a s e ,  p rev ious  experimental  r e su l t s  i n d i c a t e  t h a t  t he  flow i n  the  wide r eg ion  

between f u l l  c y l i n d e r s  can be t h e o r e t i c a l l y  uns tab le  l o c a l l y  t o  o n s e t  of Taylor  

v o r t i c e s  a t  speeds s u b s t a n t i a l l y  below t h a t  a t  which v o r t i c e s  w i l l  a c t u a l l y  

f i r s t  appear  i n  t h e  flow. This  i n d i c a t e s  t h a t  t he  s t a b i l i t y  of t h e  flow a t  

any p o i n t  depends no t  upon l o c a l  cond i t ions  a lone ,  but  i s  inf luenced  by t h e  flow 

c o n d i t i o n s  a l l  around t h e  c y l i n d e r s .  On t h e  o the r  hand, e a r l y  tests wi th  a 

p a r t i a l - a r c  bear ing  (Ref. 5) show evidence t h a t  v o r t i c e s  do form when t h e  l o c a l  

f low i n  t h e  en t r ance  r eg ions  of these bear ings  becomes t h e o r e t i c a l l y  uns tab le .  

Whether t h i s  indeed does occur and whether i t  i s  due t o  the  smal le r  C/R r a t i o  

of t he  p a r t i a l - a r c  bea r ing  ( the  above mentioned s tudy  of Taylor i n s t a b i l i t y  

between f u l l  c y l i n d e r s  was f o r  t h e  case of much l a r g e r  C/R) o r  i s  c h a r a c t e r i s t i c  

of p a r t i a l - a r c  geometr ies  i n  gene ra l  a r e  ques t ions  which w e  expec t  t o  answer by 

means of t h e  planned p a r t i a l - a r c  s t u d i e s .  The test  r i g  f o r  t hese  s t u d i e s  i s  

shown schemat i ca l ly  i n  F ig .  4 4 .  

g l a s  p a r t i a l - a r c  bear ing  mounted wi th in  an aluminum ou te r  tube .  The inne r  c y l i n -  

d e r  w i l l  be t h e  same a s  t h a t  used i n  the  c l o s e  c l ea rance  r i g .  Rad ia l  c l ea rance  

between the  P l e x i g l a s  "bearing" and t h e  inner  c y l i n d e r  w i l l  be 1/8 inch .  F ive  

c i r c u m f e r e n t i a l  p r e s s u r e  t a p s  w i l l  be loca t ed  t o  measure the  p re s su re  along an 

a r c  of t h e  "bearing". 

p rovide  any arrangement of converging, d ive rg ing ,  converging-diverging o r  

diverging-converging channel .  Except f o r  t he  p re s su re  d i s t r i b u t i o n  measurements, 

which a r e  necessary  t o  compare t h e o r e t i c a l l y  p red ic t ed  i n s t a b i l i t y  speeds w i t h  

those measured exper imenta l ly ,  t he  study w i l l  be a v i s u a l  one. 

t i o n  w i l l  be by means of aluminum powder suspended i n  t h e  s i l i c o n e  test  f l u i d .  

It c o n s i s t s  e s s e n t i a l l y  of a 80 degree p l ex i -  

The P l e x i g l a s  bear ing  w i l l  be a b l e  t o  be pos i t i oned  t o  

Flow v i s u a l i z a -  

The d e t a i l  des ign  of t he  p a r t i a l - a r c  tes t  r i g  descr ibed  above has  been completed 

and c o n s t r u c t i o n  of the  r i g  w i l l  begin , i n  January.  
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a - GeaPtrical Preload. iwat. 

B - lkmping Coefficient, 1B.sec j incb  
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cr I 

q r i t  

N - Speed, P.P.S. 

Q - P l w  in to  Bearing Pad, in3/,,. 

- Side Leakage F l w ,  in3/sec. Qs 

EL - Baditis, incbes 

Re 
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- Reynolds lhmber (=I V / P )  
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- S o r r r f e l d  hmber (= ) 

Y - Bearing Load (= Vector of the loads on the individual pads), lbs. 
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B - Angular Extent of Pad, degrees 
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- ‘B - Bearing Eccentricity Ratio (= 4 
- Pad Eccentricity Ratio (= -) 
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- Angular Distance of Pivot Point frcm i n l e t  of Pad, degrees *P 
l b  - sec2 

i n  4 
P - ?lass Density, 

Q) - aagular Speed, rab+rPr/sectmd 
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I 

NOMENCLATURE FOR FLOATINGRING BEARING 

C 

F 

Ft 

f 

N 

P 
S 

pD 

R1 

R2 

R 

2 Re 

S 

T 

W 

a 

E 

V 

Subsc r ip t  

1 

2 

m 

S 

= Radia l  c learance  

= F r i c t i o n a l  f o r c e  

= Tangent ia l  f o r c e  

F 
W 

= -  

= Revolution per second 

= Circumferent ia l  supply pressure 

= Radius 

= Radius of s h a f t  and in s ide  r a d i u s  of the  f l o a t i n g  s leeve  

= Outside r a d i u s  of t h e  sleeve and i n s i d e  r a d i u s  of t h e  bear ing  

= 2nR C N / V  Shaf t  Reynolds Number 1 1 1  

= 2xR1C1 (N1-N2) / V  

= 2nR2C2N2/V 

= Somer fe ld  Number = pNLD(z) /W 

= Torque = RF 

R 2  

= Unid i r ec t iona l  load 

= N2/N1 

= E c c e n t r i c i t y  r a t i o  

= Kinematic v i s c o s i t y  

Refer t o  the  s h a f t  

Refer t o  the  f l o a t i n g  sleeve 

Refer t o  the  mean values  

Refer t o  the  s h a f t  opera t ing  cond i t ion  

x F 
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APPENDIX - ANALYSIS OF THE FLOATING-RING JOURNAL BEARING I N  LAMINAR AND TURBULENT 
REGIMES 

The b e a r i n g  c o n s i s t s  of two load-carrying o i l  f i l m s ,  one i n s i d e  t h e  f l o a t i n g  

s l e e v e ,  and t h e  o t h e r  o u t s i d e .  Shear of the i n s i d e  f i l m  tends t o  make t h e  

f l o a t i n g  s l e e v e  r o t a t e  w i t h  t h e  j o u r n a l ,  whereas the  shear  i n  t h e  o u t e r  o i l  f i l m  

tends t o  r e t a r d  t h e  r o t a t i o n .  Therefore,  an e q u i l i b r i u m  v e l o c i t y  f o r  t h e  f l o a t -  

i n g  s l e e v e  can be e s t a b l i s h e d .  

Computation of Basic  Fu l l - Jou rna l  Bearing Data 

It can be imagined t h a t  each o i l  f i l m  i s  an  i n d i v i d u a l  f u l l  j o u r n a l  bea r ing .  

F u r t h e r ,  t he  model t o  be s tud ied  i s  pressure-fed from the c e n t e r l i n e  of t h e  out-  

s i d e  bea r ing  and t h e  f h a t i n g  s l eeve  has  r a d i a l  h o l e s  i n t e r c o n n e c t i n g  the  f i l m s  

such t h a t  each f i l m  can be  d iv ided  i n t o  two p a r t s ,  each w i t h  a s l ende rness  r a t i o  

of 112. Now, the f u l l - j o u r n a l  bear ing i s  p res su r i zed  on one s i d e ,  while  t he  

o t h e r  s i d e  i s  a t  ambient p re s su re  and the  p r e s s u r e  d i s t r i b u t i o n  i s  no longer 

symmetric w i t h  r e s p e c t  t o  t h e  c e n t e r l i n e .  A numerical f i n i t e  d i f f e r e n c e  program 

i s  w r i t t e n  t o  compute t h e  p r o p e r t i e s  of t h i s  bea r ing  f o r  both laminar and t u r -  

bu len t  f lows.  The l i n e a r i z e d  t u r b u l e n t  l u b r i c a t i o n  theo ry ,  e s t a b l i s h e d  by Ng 

and Pan (Ref. 1) is  adapted f o r  t he  computer program. 

I f  it i s  assumed t h a t  t h e  i n e r t i a  e f f e c t  of t h e  f l o a t i n g  r i n g  i s  n e g l i g i b l e ,  t he  

to rques  and the loads f o r  t h e  inne r  and o u t e r  f i l m s  m u s t  be equa l  i n  o rde r  t o  

achieve the  e q u i l i b r i u m  c o n d i t i o n .  

Since t h e  c l ea rance  of t h e  r i n g  i s  much sma l l e r  t han  the  r a d i a l  dimension, i t  

is reasonab le  t o  assume the i n s i d e  r ad ius  of t h e  bea r ing  i s  t h e  same as t h e  ou t -  

s i d e  r a d i u s  of t h e  s l e e v e  and i n s i d e  r a d i u s  of t he  s l e e v e  i s  t h e  same as t h e  

s h a f t  r a d i u s .  

The dimensionless  q u a n t i t i e s  given below a r e  s tandard f o r  t he  f u l l  j o u r n a l  bea r ing  

w i t h  c i r c u m f e r e n t i a l  f eed ing .  

l ead  t o  the  c o n s i d e r a t i o n  of t h e  Reynolds Number. 

The speed of t h e  s h a f t  and of t h e  f l o a t i n g  s l e e v e  
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c where N i s  speed i n  r e v o l u t i o n s ,  C i s  t h e  bear ing  c l ea rance  and v i s  the  kinematic  

v i s c o s i t y .  

The c i r c u m f e r e n t i a l  f eed ing  p res su re  can be expressed i n  dimensionless  form a s  

The computed informat ion  on t h e  f u l l  j o u r n a l  bear ing  inc ludes  t h e  load ,  torque 

and t h e  flow. These a r e  represented  as: 

The Sommerfeld Number: S = pNLD (R/C)2/W 

The Dimensionless Tangent ia l  Force: - - Ft 
Ft - m J m R / C ) a  

The Dimensionless Flow: Q/RCNL 

The Dimensionless Torque: Rf/C = RF/CW 

F 
W 

where F i s  t h e  f r i c t i o n a l  force  and f i s  t h e  f r i c t i o n  c o e f f i c i e n t  (f  = -). 

The e c c e n t r i c i t y  r a t i o ,  t h e  Reynolds Number and t h e  d imens ionless  c i r c u m f e r e n t i a l  

feed p res su re  a r e  t h e  parameters  i n  c o n s t r u c t i n g  a t a b l e  f o r  load and torque of 

t h e  s i n g l e  f u l l - j o u r n a l  bea r ing .  The f eed ing  p res su re  i s  convenient ly  c o r r e l a t e d  

by in t roduc ing  the  load f a c t o r ,  P L D / W ,  which i s  equa l  t o  t h e  product  of PD and S.  

Consider ing the  ope ra t ing  cond i t ions  of t he  exper imenta l  s e t -up ,  such a s  the  speed 

range of t he  s h a f t ,  t he  load l i m i t  and t h e  geometr ica l  dimension of t he  bear ing ,  

t he  range w i t h i n  which the PDS o r  P L D / W  (load f a c t o r )  m u s t  l i e  i s  from ze ro  t o  

f i f t y .  

S 

S 

P is an inpu t  parameter f o r  the  f u l l - j o u r n a l  bear ing  program and S i s  an output  

v a r i a b l e .  I n  o rde r  t o  s e l e c t  values  of PD which w i l l  keep t h e  load f a c t o r  PDS 

w i t h i n  t h e  range of 0 t o  50, a t r i a l  run  was made w i t h  a range of va lues  f o r  P 

w i t h  cons t an t  Re and E i n  o rde r  t o  e s t a b l i s h  a proper range f o r  PD. 

D 

D 

The f u l l - j o u r n a l  bear ing  program i s  used t o  c o n s t r u c t  a t a b l e  i n  which S, R/C f 

and F, a r e  given f o r  each combination of PD, R e  and E. 

used cover ing  t h e  range from 100 (laminar) t o  10,000. The s i x  e c c e n t r i c i t y  

r a t i o s  used a re :  0.01, 0.05, 0.1,  0 .3 ,  0.5 and 0 . 7 .  Unsa t i s f ac to ry  c o r r e l a t i o n  

of  t h e  d a t a  on S and R/C f excluded h igher  e c c e n t r i c i t y  r a t i o s .  

Seven va lues  of Re a r e  

S i n c e P  i s  
S 
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P L D  

W 
S equa l  f o r  both f i l m s ,  t h e r e  w i l l  be d i f f e r e n t  va lues  of - f o r  t h e  two f i l m s  

f o r  t h e  same ope ra t ing  cond i t ions  w i t h  t he  d i f f e r e n c e  being p ropor t iona l  t o  R /R 

The re fo re ,  a second t a b l e  i s  prepared f o r  t h e  o u t e r  f i l m  us ing  va lues  of 

used i n  the  inne r  f i l m  t a b l e .  

2 1' 

%*1 which correspond t o  those  of - psm2 
W W 

Analys is  of t he  Composite Floating-Ring Bearinq 

The f l o a t i n g - r i n g  bea r ing  a n a l y s i s  presented by Shaw (Ref. 10) u t i l i z e s  the  i n -  

f i n i t e  c losed  s o l u t i o n  f o r  a f u l l -  j ou rna l  bear ing  w i t h  no p res su r i zed  f eed ing  

under t h e  laminar cond i t ion .  F i n i t e  s lenderness  r a t i o ,  c i r c u m f e r e n t i a l  p res -  

s u r i z e d  f eed ing  and ope ra t ion  i n  t h e  t u r b u l e n t  f low reg ion  add e x t r a  compl ica t ions  

i n  comparison w i t h  Shaw's s i m p l i f i e d  a n a l y s i s .  

feed  p res su re  on f i l m  r u p t u r e  a r e  a l so  taken i n t o  account i n  t h e  p r e s e n t  a n a l y s i s .  

Fi lm r u p t u r e  and t h e  e f f e c t  of 

To combine t h e  inner  and o u t e r  f i l m s  f o r  t h e  f l o a t i n g - r i n g  bear ing ,  i t  i s  r equ i r ed  

t h a t  t h e  supply p re s su re  (Ps), load ,  and torque  f o r  bo th  f i l m s  m u s t  be equa l .  

Th i s  imp l i e s  t h a t  t h e  two sets of f u l l - j o u r n a l  bear ing  d a t a  f o r  a given load 

f a c t o r ,  PLD/W, and r a d i u s  r a t i o ,  R2/Rl, must s a t i s f y  the fo l lowing  e q u a l i t i e s  

where t h e  s u b s c r i p t  1 r e f e r s  to  t h e  s h a f t  and inne r  f i l m  and 2 r e f e r s  t o  the  

r i n g  and o u t e r  f i lm:  

S 

1) The r a t i o  of Reynolds Numbers 

N 

Re2 

Re 1 
R1 R2 c2 [e- 1) 

- = -- 

21t R C (N1 - N2) 2n R2C2N2 - 
Y Re2 - v 

- 1 1  
V 

where Re l  - 

2) Equa l i ty  of supply p re s su re  f o r  t he  two f i l m s  r equ i r e s :  

PLD s = R1 (!q 
w 1  R2 2 

(A-2) 
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3)  Equa l i ty  of load c a r r i e d  by the  two f i l m s  r equ i r e s :  

3 2 - s1 = 12) (p) ( 1 . 2 )  

s2 
(A- 3 1 

2 
R1 

w i t h  W1 = W2, where S 1 = p(Nl+N2) LD (-) R2 /Wl and S2 = pN 2 LD 2 (3)) R2 2 '  

4 )  Equa l i ty  of i n s i d e  and ou t s ide  to rques  on t h e  f l o a t i n g  r i n g  implies:  

= c2/c, ( A - 4 )  
2 E 0 - -  > S p t l ) / ( 2  fm2 + - S F  2 2 t 2  ) 

c2 

= T2, where a = N2/N1 1 w i t h  T 

The s u b s c r i p t  m r e f e r s  t o  the mean va lue .  

The computat ional  procedure i s  out l ined  below : 

Assign load f a c t o r  and R /R Two t a b l e s ,  one f o r  t he  inne r  f i l m  and one f o r  

t he  o u t e r  f i l m ,  of S, Rf /C 

e c c e n t r i c i t y  r a t i o s  and seven Reynolds Numbers. Equation ( A - 2 )  i s  i m p l i c i t l y  

s a t i s f i e d .  

S e l e c t  a va lue  of C2/C1, Res = 

S e t  s e v e r a l  va lues  f o r  N2/N1. 

C a l c u l a t e  Re us ing  Eq. ( A - 1 ) .  

With known Reland el; S1, Rfml/C and Ftl can  be c a l c u l a t e d  through in te rpo-  

l a t i o n  from Table 1. 

2 1' 
and Ft a r e  given f o r  each combination of six m 1  

2rR1C1N1 

1' and E 
V 

1 - 

C a l c u l a t e  Re2 u s ing  Eq. ( A - 1 )  and S2 from Eq. ( A - 3 ) .  

Use i n t e r p o l a t i o n  w i t h  known Re2 and S2 t o  f i n d  e2 from Table 2 .  

Use c2 t o  f i n d  Rf /C and Ft2 from Table 2 .  m2 

Check Eq. ( A - 4 )  f o r  e q u a l i t y ;  i f  n o t  s a t i s f i e d ,  a new va lue  of N / N  

s e l e c t e d .  The s t e p s  from (d) on a r e  r epea ted .  

- 

i s  2 1  
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j) A q u a d r a t i c  i n t e r p o l a t i o n  i s  used t o  determine the  e x a c t  N / N  r a t i o  w i t h i n  a 2 1  
s p e c i f i e d  e r r o r  l i m i t  of one percent  a l lowed f o r  Eq. (A-4). 2 - pN D L R1 

k) With N /N known, t h e  bea r ing  Sommerfeld Number, S = W 1 1  (q) and the  
2 1  

F m l q +  R1 2 can  be c a l c u l a t e d  f o r  R1 dimensionless  s h a f t  torque f c = 
1 

t h e  c o n d i t i o n s  which have been assigned; namely, R /R C2/Cl, Res and ps+/W. 2 1’ 
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F i g .  1 Schematic of Apparatus Shaft and Bearing Assembly 



Fig. 2 Dynamic Load Bearing Apparatus P a r a s i t i c  Torque Measurements 
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Fig. 3 Schematic of Tilting Pad Bearing. 
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Fig. 4 Geometrical Arrangement of Pads 
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Fig.  6 Ti l t ing-Pad Bearing Theore t ica l  F r i c t i o n  Torque 
m = 0.3, 4 pads,  B = 80°, QP = -55, L/D = 1.0 
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F i g .  13 C r i t i c a l  Speed Map for Dynamic-Load Bearing Apparatus  
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2 .  

Range of c a l c u l a t e d  t e s t  b e a r i n g  s t i f f n e s s e s  f o r  t h e  expe r imen ta l  
t e s t i n g  (m = 0.5) i s  g iven  f o r  each Reynolds Number. 
Support  b e a r i n g  s t i f f n e s s  i s  c o n s t a n t  a t  1 . 3 ~ 1 0 ~  l b / i n .  
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FLOATING RING /OIL SUPPLY 

Fig.  19 Schematic of Floating-Ring Bearing 
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Fig.  20 Floating-Ring Bearing - Inner F i l m  S t a t i c  Load Capaci 
C2/Cl = 0 . 7 ,  PsLD1/W = 0 .2  
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F i g .  2 1  Floating-Ring Bearing - Inner Fi lm S t a t i c  Load Capacity - 
C,/C, =-1.3, -PsLD1/W-= 0 . 2  
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Fig.  22 Floating-Ring Bearing - Inner  Film S t a t i c  Load Capacity 
= 0.7, P LDl/W = 1.5 c2’c1 S 
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Fig.  23 Floating-Ring Bearing - Inner F i l m  S t a t i c  Load Capacity 
C2/Cl = 1.3, PsLD1/W = 1.5 
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Fig.  24 Floa t ing -Ring  Bearing - I n n e r  Film S t a t i c  Load Capac i ty  
= 0.7, PsLD1/W = 10.0 c,’cl 



Fig .  25 Floating-Ring Bearing - Inner  Film S t a t i c  Load Capacity 
c2/c1 = 1.3 ,  P ml/w = 10.0 

S 



8 

Fig. 26 Relationship Between Inner and Outer F i l m  Eccentricity Ratios 
C,/C, = 0.7, PSLD1/W = 0.2 
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Fig .  27 Relationship Between Inner and Outer F i l m  Eccentricity Ratios 
= 0.7, PsLD1/W = 1.5 c2/c1 
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F i g .  28 Relationship Between Inner and Outer Film Eccentricity Ratios 
C,/C, = 0 . 7 ,  PsLD1/W = 10.0 
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Fig.  2 9  Relationship Between Inner and Outer F i l m  Eccentricity Ratios 
= 1.3 .  The e f f e c t  of Reynolds Number i s  neg l ig ib le .  

c2’c1 



Fig.  30 Floating-Ring Bearing F r i c t i o n  Factor  
= 0.7, PsLD1/W = 0.2 c2 /c1  



Fig.  31 Floating-Ring Bearing F r i c t i o n  Factor  
c2’c1 = 1 . 3 ,  PsLDl/W = 0.2 

. 



F i g .  32 Floa t ing-Ring  Bear ing  F r i c t i o n  F a c t o r  
= 0.7, P LD /W = 1.5 c2 /c l  s 1  
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Fig .  33 Floa t ing-Ring  Bea r ing  F r i c t i o n  F a c t o r  
= 1 . 3 ,  PSLD1/W = 1.5 

c2’c1 

, -  
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Fig.  34 Floating-Ring Bearing F r i c t i o n  Factor  
c2/c1  = 0 .7 ,  PsLD1/W = 10.0 



F i g .  35 Float ing-Ring Bearing F r i c t i o n  Fac tor  
= 1.3, P LD /w = 10.0 c2/c, s 1  

100 



F i g .  36 Float ing-Ring Bearing R ing /Sha f t  Speed R a t i o  
c p l  = 0 .7 ,  PSLD1/W = 0 .2  

. 
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Fig .  37 Float ing-Ring Bearing R ing /Sha f t  Speed R a t i o  
= 1.3, P LD1/W = 0.2 
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112 INCH PLATINUM 
PLATED SHAFT 

TO D.C. POWER SUPPLY A CONNECTED TO 
VARIABLE SPEED DRIVE 
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Fig. 42 Schematic of Apparatus for Electrochemiluminescence Feasibility Studies 
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F i g .  43 Schematic of Apparatus f o r  S t u d i e s  of F l o w  Between Concentric  and 
Eccentr i c  Cylinders 
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F i g .  44 Schematic of Partial-Arc Bearing T e s t  Rig 


